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C H A P T E R  I 
INTRODUCTION 
M o t i v a t i o n  For Study 
The purpose o f  t h i s  s tudy i s  t o  i n v e s t i g a t e  var ious  compet i t i ve  
schemes f o r  t h e  design o f  a  hub and p i t c h  c o n t r o l  mechanism f o r  a  
35'  d ia .  h o r i z o n t a l  a x i s  wind energy convers ion system. Some i n t r o -  
duc tory  comments about w i n d m i l l s  i n  general a re  appropr ia te ,  by way of 
m o t i v a t i o n  f o r  t h i s  work. 
The Un i ted  Sta tes  i s  heading f o r  a  ser ious  energy problem. 
Whether we have an immediate energy problem o r  n o t  i s  a  moot p o i n t ,  
and t h a t  some long  range p lann ing f o r  t h e  f u t u r e  i s  necessary cannot 
be d isputed.  O f  those concerned w i t h  t h e  energy problem, t h e r e  a re  
e s s e n t i a l l y  two camps: Those who would r e l y  on increased usage o f  
nuc lear  power, and those who advocate r e l i a n c e  on o t h e r  a l t e r n a t i v e s  t o  
f o s s i l  f u e l .  
Those who advocate t h e  o t h e r  a l t e r n a t i v e s  r e a l i z e  t h a t  t h e r e  i s  
no one system which can s a t i s f y  t h i s  c o u n t r y ' s  energy needs. There 
are  s i t u a t i o n s  where small  sca le  s o l a r  hea t ing  systems a re  appropr ia te  
t o  reduce t h e  consumption o f  f o s s i l  f u e l  f o r  heat ing.  There are  
s i t u a t i o n s  where l a r g e  sca le  s o l a r  systems, such as Ocean Thermal Energy 
Conversion Systems, and "Power Tower" e l e c t r i c a l  generators are ap- 
p r o p r i a t e .  There a re  a l s o  many s i t u a t i o n s  where a  cheap, t h a t  i s  t o  
say, c o s t  e f f e c t i v e ,  windmil  1  w i l l  be an approp r ia te  means o f  reducing 
ou r  dependence on f o s s i l  f u e l s .  
1 
There are several reasons why wind power has no t  a l ready taken a 
s i g n i f i c a n t  p lace i n  our energy economy. Some o f  these reasons may be 
p o l i t i c a l  and those are beyond the scope o f  t h i s  thes is .  Some o f  the  
reasons are economic, t h a t  i s ,  the p r i c e  o f  f oss i l  f ue l s  has no t  y e t  
r i s e n  enough t o  make windpower cost  e f f e c t i v e ,  although there i s  every 
i n d i c a t i o n  t h a t  eventual l y  they w i  11. Other obstacles are techno1 og ica l  , 
t h i s  paper w i l l  attempt t o  address some o f  these obstacles. 
There have been times i n  h i s t o r y  when windpower, i n  the form of 
w indmi l ls  and s a i l i n g  ships, was a  s i g n i f i c a n t  source o f  energy t o  the 
wor ld economy. W i  ndpower was, however 1  e f t  behind by the  i ndus tri a1 
revo lu t ion .  Because of t h i s ,  most o f  the  modern work i n  wind power, i s  
an attempt t o  adapt an o l d  idea, developed i n  the  age o f  wood and 
canvas, t o  the modern technology o f  s tee l ,  p l a s t i c s  and computers. 
Working (prototype) windmi 11 s  have been b u i l t  using cur ren t  
technology, now one o f  reducing the  cost  and increas ing the  r e l i a b i l i t y  
of the machines. This thes is  addresses t h i s  problem as i t per ta ins  t o  
the hub and p i t c h  con t ro l .  
I n  order t o  provide s t r uc tu re  t o  the  research, work has been 
d i rec ted  towards components fo r  a  35' dia. three bladed, LTLT wind 
system d r i v i n g  an A1 1 American Engineering Company water tw i s te rR  t o  
provide ho t  water f o r  r e s i d e n t i a l  o r  a g r i c u l t u r a l  heating. It i s  hoped, 
however, t h a t  the work w i l l  provide useful  background f o r  the design 
of o ther  machines. 
Future uses o f  windpower are many, ranging from massive o f fshore 
arrays generating hydrogen, which i s  s tored and l a t e r  tapped v i a  fuel 
c e l l  s  f o r  firm e l e c t r i c i t y  on demand, t o  small e l e c t r i c a l  generators 
producing a few hundred watts for some specific use i n  an area n o t  
served by any u t i l i t y  grid. The resurgance of wind power i s  a t  such 
an early stage that  work on the design of one machine cannot help b u t  
aid in the design of windmills in general. 
Horizontal Axis Machines 
In order t o  establish the requirements for the design of a hub, 
i t  i s  necessary t o  discuss briefly the horizontal axis machine as a 
whole. Windmills extract momentum from the wind, and transform i t  into 
some useful form of energy. For the purpose of this  discussion, a 
windmil 1 can be broken down into four components: The rotor assembly, 
including the blades and the h u b ,  the mainframe assembly, consisting of 
some type of energy converter, and the transmission necessary to inter- 
face the energy converter to the rotor, a support structure, and a 
system for the storage and use of the energy produced. 
a 
I The blades of a horizontal axis machine rotate about an axis more 
or less parallel to the direction of the wind flow. I n  so doing, they 
absorb energy from the wind, producing the following forces and moments 
a t  the root of the blade: 
1.  torque, causing the rotor to produce useful shaft power about 
i t s  axis of rotation 
2. thrust,  the force necessary to hold the blades against linear 
rr~otior~ in the direction of the wind 
3. bending moment due to thrust,  necessary to hold the blades 
perpendicular to the wind and the axis of rotation. 
Hubs And P i t c h  Contro l  
The hub i s  the s t r u c t u r a l  element which bears those forces and 
moments produced by the  blades. The torque and the t h r u s t  must be 
t r ans fe r red  t o  the windshaf t  o f  the  mainframe assembly. The mainframe 
converts the  torque t o  a usefu l  form o f  energy, and t ransmi ts  both the 
t h r u s t  and the torque t o  the  support s t r u c t u r e  ( tower) .  The hub must 
a l so  bear the  bending moments due t o  t h r u s t  o f  a l l  t he  blades, which 
more o r  l ess  balance each other.  The hub a lso  bears the  weight o f  the 
blades and miscellaneous forces t o  be discussed l a t e r .  
The design o f  a hub would n o t  be a t e r r i b l y  soph is t i ca ted  problem 
were i t  n o t  f o r  the  need t o  con t ro l  the  wind machine under various wind 
cond i t ions.  There are  two bas ic  problems which i n  most ho r i zon ta l  ax is  
machines are  handled by ad jus t ing  the  p i t c h  o f  the blades. 
The f i r s t  problem i s  t h a t  o f  s ta r t -up  o f  the r o to r .  The blades are  
of an aerodynamic shape which produces 1 i f t  (hence torque) over a 
1 i m i t e d  range o f  angle o f  a t tack .  Modern wind r o t o r s  run a t  su f -  
f i c i e n t l y  h igh speed t h a t  the  motion of the  blades themselves becomes 
a s i g n i f i c a n t  vector  component o f  the  r e l a t i v e  wind apparent i n  the  
b lade 's  frame o f  reference. The d i r e c t i o n  o f  wind experience by the  
a i r f o i l  when the  wind s t a r t s  blowing, bu t  before the  r o t o r  s t a r t s  
t u rn i ng  i s  s u b s t a n t i a l l y  d i f f e r e n t  from t h a t  experienced by the  a i r f o i l  
when the  machine i s  running. I n  most designs, t he  optimal blade p i t c h  
f o r  power product ion i s  such t h a t  the  a i r f o i l  would be f u l l y  s t a l l e d  
when the machine i s  stopped. There i s  some d i f f e r e n t  p i t c h  which i s  
opt imal f o r  producing the  torque t o  i n i t i a l l y  s t a r t  the  machine. 
The second problem i s  t h a t  o f  r e g u l a t i n g  t h e  machine i n  h i g h  wind 
cond i t ions .  A t  a  c e r t a i n  windspeed, i t  becomes unpro f i t ab le  t o  design 
t h e  t ransmiss ion  and s t r u c t u r e  t o  absorb a l l  t h e  power a v a i l a b l e  i n  t h e  
wind, due t o  t h e  r a r e  occurences o f  wind a t  o r  above t h i s  speed. It 
then becomes necessary t o  f e a t h e r  t h e  machine g r a d u a l l y  t o  l i m i t  t h e  
power produced t o  some maximum value. Th is  power i s  c a l l e d  t h e  
designed maximum power, and i t  i s  produced i n  winds a t  o r  above t h e  
design windspeed. 
As the  wind increases beyond t h e  design windspeed, the re  comes a  
p o i n t  where i t  makes economic sense, due t o  t h e  s t r u c t u r a l  cos ts  of 
the  machine, t o  f e a t h e r  i t  completely, a l l o w i n g  t h e  machine t o  stop. 
Th is  windspeed i s  t h e  f u r l i n g  o r  cu t -ou t  windspeed. The miss ion  of t h e  
hub, and indeed t h e  r e s t  o f  t he  machine, under these cond i t i ons  i s  t o  
s imply su rv i ve  u n t i l  t h e  wind drops back below c u t - o u t  speed. 
It i s  impor tant  then, t o  be ab le  t o  p i t c h  t h e  blades i n  a  con- 
t r o l l e d  manner. Th is  necess i ta tes  t h a t  t h e  blades be mounted t o  t h e  
hub w i t h  bearings. It a l s o  necess i ta tes  t h a t  t h e r e  e i t h e r  be some 
mechanism f o r  c o n t r o l l i n g  t h e  b lade p i t c h  i n  the  hub, o r  t h a t  t h e r e  be 
a  l i nkage  t o  connect t h e  blades t o  a  mechanism i n  t h e  mainframe which 
c o n t r o l s  t h e  p i t c h .  
The hub then serves two func t ions :  i t  prov ides  s t r u c t u r a l  support  
f o r  t he  blades, and i t  accommodates some form o f  p i t c h  c o n t r o l  t o  
s t a r t  t he  machine and r e g u l a t e  i t  i n  h igh  winds. A  major f a c t o r  which 
has n o t  been discussed i s  cost .  Windpower i s  a t  p resent  o n l y  marg ina l l y  
compe t i t i ve  w i t h  o t h e r  forms o f  energy. As a  r e s u l t ,  i t  i s  c r i t i c a l  
t h a t  i n  t h e  design o f  any component f o r  a  w indmi l l ,  many a l t e r n a t i v e s  
be considered, and t h a t  the design be the  most cost  e f f e c t i v e  design 
possi b le,  i n  terms o f  cons t ruc t ion  and maintenance , which w i  11 
re1 i a b l y  perform i t s  funct ion.  
The organizat ion o f  t h i s  thes is ,  then, has been t o  consider many 
cant idate  s t r u c t u r a l  schemes, and several p i t c h  con t ro l  schemes, and 
t o  ca r r y  ou t  the d e t a i l s  design o f  the one scheme which appears t o  be 
the most cos t  e f f e c t i v e  f o r  a  35' d ia .  machine. 
C H A P T E R  1 1 '  
ALTERNATIVE STRUCTURAL SCHEMES 
I n t r o d u c t i o n  
Many compe t i t i ve  s t r u c t u r a l  schemes were considered d u r i n g  t h e  
course o f  t h i s  work. Discussion o f  these schemes i s  presented here 
by way o f  j u s t i f i c a t i o n  f o r  t h e  scherne chosen f o r  t he  f i n a l  design. 
Some o f  t h e  schemes presented may have m e r i t s  f o r  t h e  design of a 
machine o f  a d i f f e r e n t  t ype  o r  s ize .  
Discussion o f  hubs f o r  f i x e d  p i t c h e d  machines, and f o r  machines 
w i t h  v a r i a b l e  coning, i s  om i t ted  here. Considerat ions o f  t he  o v e r a l l  
system's design, beyond t h e  scope o f  t h i s  work, have d i c t a t e d  t h a t  
t he  machine be a f i xed-con ing angle, v a r i a b l e  p i t c h  machine. Work has 
a l s o  been 1 i m i  t e d  t o  t h r e e  bladed machines. Many o f  t h e  designs pre- 
sented here may have m e r i t s  f o r  a two bladed machine, and there  a re  
almost c e r t a i n l y  s i t u a t i o n s  where a two bladed machine would be more 
s u i t a b l e  than a t h r e e  bladed machine. Th is  work has not ,  however, 
consi dered any des i gns speci f i c a l l  y su i  t e d  t o  two b l  aded sys terns. 
Hubs Considered I n  E a r l i e r  Work 
Recent work a t  UMass has been based on m o d i f i c a t i o n s  t o  and 
v a r i a t i o n s  on, t h e  UMass WF-1 machine. The hub f o r  t h i s  machine i s  
presented i n  F igure  1. Th is  design was a good one f o r  an experimental 
prototype.  Th is  hub i s  a bu i  1 t -up  we1 dment o f  s t e e l .  The blades a re  
mounted t o  the  hub by means o f  t h ree  p a i r s  o f  tapered r o l l e r  bear ings 
FIGURE 1 
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i n t o  which the blades are se t  by means o f  a  s t e e l  sleeve which i s  an 
i n t e g r a l  p a r t  o f  the blade root .  This hub has performed we l l  i n  WF-1. 
I t ' s  corr~plexity and cost ,  however, are major drawbacks. The cost  of 
bearings l a rge  enough t o  accommodate the blade roo t ,  which are much t o  
heavy i n  terms o f  l oad  bear ing capaci ty,  i s  excessive. Add i t i ona l l y ,  
accurate bor ing o f  thecompleted hub weldment i n  order t o  seat  the 
ou te r  races f o r  the bearings taxed the UMass machine shop t o  i t s  
1  i m i  t s ,  and even i n  t he  context  o f  an i n d u s t r i a l  shop would be a  
very expensive operation. The dec is ion t o  use t h i s  system was based 
on a  des i re  t o  minimize s t ress  concentrat ions i n  the blade roots.  
Recent work w i t h  hubs suggests t h a t  i t  would be more economical, i n  
terms o f  o v e r a l l  system cost, t o  use some o ther  means t o  a t tach  the 
blades, and so g r e a t l y  reduce the cos t  o f  the hub. 
Another design which has been considered a t  UMass i s  a s i ng le  
piece cas t  hub such as t h a t  which i s  used i n  the  E lec t ro  Six.  
B u t t e r f i e l d  considered t h i s  scheme using cas t  i n  aluminum i n  
the context  o f  the UMass proposal f o r  the WTG 40 (Figure 2). It i s  
c e r t a i n l y  an improvement on the WF-1 hub and as a  s t r u c t u r a l  element 
would be cheaper. I n  an i n d u s t r i a l  context ,  the cas t ing  operat ion 
would almost c e r t a i n l y  be cheaper than the sophis t ica ted welding 
necessary t o  b u i l d  up the  UMass hub. Tbe design s t i l l  has the machining 
and pa r t s  costs associated w i t h  the WF-1 hub. Add i t i ona l l y ,  even i n  
aluminum, the hub would be very heavy, which would adversely a f f e c t  
the design o f  the  windshaft  and mainframe, s ince the  hub would create  
a  subs tan t ia l  overhung moment. 

Glass Re in forced P l a s t i c  Hubs 
Glass r e i n f o r c e d  p l a s t i c  (GRP) has been considered as a hub 
m a t e r i a l .  Work a t  U M ~ S S  and elsewhere has shown t h a t  GRP i s  a 
m a t e r i a l  w e l l  s u i t e d  t o  t h e  c o n s t r u c t i o n  o f  w indmi l l  blades and o t h e r  
cornponents. I n  a l i m i t e d  product ion  contex t ,  GRP has the  advantage 
t h a t  i t  can be formed i n t o  p r a c t i c a l l y  any shape o r  sec t ion .  The 
c o n s t r u c t i o n  o f  t h e  t o o l  i ng necessary (mol ds) , w h i l e  t ime consuming 
and l a b o r  i n tens i ve ,  does n o t  represent  a c a p i t a l  o u t l a y  which would 
be excessive i n  a 1 i m i  t e d  product ion .  contex t .  A d d i t i o n a l  l y  , t h e  
a b i l i t y  e x i s t s  through r e s i n - t r a n s f e r  molding, and s i ~ r ~ i  l a r  processes, 
t o  increase p roduc t ion  c a p a b i l i t y  i n t o  the  mass product ion  range. 
Work on a GRP hub was based on a p r e l i m i n a r y  design by Heronemus, 
1 which i s  shown i n  F igure  3. Th is  design appears t o  be a useable con- 
t cept,  a l though i t  has some disadvantages. The g r e a t e s t  disadvantage 
1 l i e s  i n  t h e  c r e a t i o n  o f  t he  sea t ing  surfaces f o r  t h e  b lade bear ing 
I 
races. Work by t h e  author ,  and others,  i n d i c a t e  t h a t  w h i l e  i t  i s  
q u i t e  p o s s i b l e  t o  work t o  exac t ing  to le rances i n  mating pieces o f  GRP, 
i t  i s  an exac t ing  a r t .  
A m o d i f i c a t i o n  o f  Heronemus' concept, by the  author ,  attempted t o  
s i m p l i f y  t h e  problem o f  work ing w i t h  two accu ra te l y  mat ing pieces. 
The ,nodi f ied design has two major  d i f f e r e n c e s :  The f i r s t  i s  t he  use o f  
a f i lament  windings t o  produce bear ing sleeves, as a s i n g l e  p iece  f o r  
each blade. The second m o d i f i c a t i o n  was t o  l a y  up t h e  s t r u c t u r e  o f  t h e  
hub around these f i l a m e n t  windings as a m o n o l i t h i c  p a r t ,  thus  avo id ing  
t h e  b o l t  pa t te rns ,  and assoc ia ted s t r e s s  concent ra t ions  which are  p a r t  
FIGURE 3 
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o f  the o r i g i n a l  design. The method o f  const ruct ing t h i s  hub i s  
ou t l i ned  below. 
Step One: Two p l a s t i c  ( t e f l o n )  bearings and a metal r e ta i n i ng  
sleeve are mounted on a c y l  1 nd r i ca l  mandrel. Glass reinforced p l a s t i c  
i s  then f i lament  wound around t h i s  assembly. One piece i s  made f o r  
each blade and when the r e s i n  has cured, the mandrels are extracted. 
Step Two: A f o u r t h  f i l ament  wound tube i s  created i n  a s i m i l a r  
manner t o  provide an accurate surface f o r  mounting the hub on the wind- 
shaft .  
Step Three: The four  f i lament  wound tubes are accurately mounted 
i n  a j ig /mold which holds the pieces, by t h e i r  i ns i de  surfaces, i n  
accurate alignment. The j i g  a lso has surfaces t o  provide a mold f o r  
the hub s t ruc tu re  i n  the spaces i n t e r s t i t i a l  t o  the f i l ament  windings. 
Step Four: A heavy laminate i s  l a i d  up on the surfaces o f  the 
tubes and mold j i g  t o  form the  s t ruc tu re  o f  the hub. Voids are avoided 
by use o f  a vacuum bag appl ied t o  the top o f  the  layup. 
Step Five: The j ig /mold i s  removed, and an add i t iona l  layup i s  
made on the exposed surfaces o f  the f i l ament  windings. A foam o r  
balsa wood to ro ida l  core i s  inser ted  i n  order f o r  t h i s  second layup t o  
f i t  a t  a d i f f e r e n t  place from the f i r s t  layup on the windshaft tube. 
This provides r i g i d i t y  t o  the s t ructure.  Again a vacuum bag i s  used 
t o  prevent voids. This hub i s  shown i n  Figure 4. 
An a l t e r n a t i v e  means o f  f ab r i ca t i ng  the same hub would be t o  make 
the f i r s t  layup i n  a complete mold w i t h  oversized, concave troughs, 
While t h i s  layup i s  s t i l l  wet, the fi. lament wound tubes would be 

pressed into place, and the second layup f i t t e d  immediately. T h i s  
whole assembly would then be put i n  a vacuum bag, and allowed to  cure. 
This method has the advantage tha t  the two major s tructural  layups cure 
simulataneously, forming a t rue primary bonded structure.  The f i r s t  
method appears more straightforward i n  t ha t  the tooling would be 
simpler, and the t i m i n g  of the construction procedure less  c r i t i c a l .  
Conflicting information exis ts  as t o  whether the secondary bond t h u s  
created would be as strong as a primary bond, however the resin can be 
chosen to  minimize this shortcoming. 
Other Plast ic  Hubs 
The poss ib i l i ty  of constructing a hub i n  cast  p las t ic  or  glass 
reinforced p las t ic  was also considered. Both resin t ransfer  molded 
GRP and glass f i l l e d  Lexan were considered. The possibi l i ty  of us ing  
i glass f i  1 led Lexan was abandoned due to  poor fatigue properties of 
th i s  material. Limitations on the maximum wall thickness in th i s  
material made i t  impossible t o  design a s tructure which would be 
loaded below the fatigue l imi t  of the material. The cyclic nature of 
the loads applied t o  a windmill hub ,  along w i t h  the long service l i f e  
necessary t o  amortize the cost of a windmill demand tha t  the material 
be loaded below i t s  fatigue l imit .  
The possibi l i ty  of using resin t ransfer  molding was considered. 
The high cost of constructing a mu1 t i -pa r t ,  pressure res is tant  mold 
for th i s  process might be jus t i f ied  were i t  n o t  fo r  the requirement 
tha t  the glass cloth be inserted into the mold by hand prior to  mold 
closing and resin transfer.  I t  i s  believed tha t  the combination of 
o f  h igh c a p i t a l  cos t  and per  p a r t  l abor  cos t  r u l e  o u t  t h i s  method. 
Tube Truss Hub 
The p o s s i b i l i t y  o f  const ruct ing a hub ou t  o f  standard s tee l  p ipe 
sect ions was considered. This concept i s  i l l u s t r a t e d  i n  Figure 5. 
The mot i va t ion  f o r  t h i s  design was t o  reduce the  s ize  o f  cas t  pieces 
which wouldneed machining. The design cons is ts  o f  seven pipes, pa r t s  a 
through c, and f i v e  cast ings,  pa r t s  d through f. This design was 
abandoned because i t  i s  be l ieved t h a t  the  cos t  o f  accurate assembly o f  
pa r t s  d, b and e i n  order  t o  a l low bearing alignment, was excessive. 
Nh i l e  t h i s  design e l iminates the  need f o r  machining the hub as 4 
whole on a l a r g e  bor ing machine, a g rea t  deal of machining would s t i l l  
be necessary. It i s  u n l i k e l y  t h a t  t he  d i f ference i n  machining costs 
i s  s u f f i c i e n t  t o  o f f s e t  t he  assembly costs. This design would probably 
be more expensive than a hub cas t  as a s i n g l e  piece. 
Plywood Hub 
Figure 6 i l l u s t r a t e s  a design concept f o r  a plywood hub. This 
design would be c a r r i e d  ou t  using one-inch marine plywood. The design, 
however, i s  f a i r l y  labor  in tens ive.  This design has a g rea t  advantage 
i n  t h a t  no special  j i g s  o r  F ix ture  would be necessary f o r  construct ion.  
It has po ten t i a l  f o r  l i m i t e d  quan t i t y  product ion i n  t h a t  a shop equiped 
w i t h  standard workworking t oo l scou ld  const ruct  t h i s  design w i t h  no 
add i t i ona l  cap i t a l  out lay .  The shortcomings f o r  t h f s  design l i e  i n  
the cost  of marine plywood and i n  the d i f f i c u l t y  associated w i t h  s t ress 
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concentrat ion a t  po in ts  where the bearings are attached and around any 
holes necessary t o  a l low f o r  p i t c h  l inkages.  It i s  be l ieved i n  the 
context  o f  mass product ion t h a t  t h i s  hub would prove t o  be more 
c o s t l y  than other, l ess  l abo r  in tens ive,  designs. 
Stamped Sheetmetal Hubs 
T r a d i t i o n a l l y ,  i n  the automotive and general manufacturing 
indus t r ies ,  i t  has been shown t h a t  i f  a machine element can be made 
from stamped sheetmetal parts,  i t  w i l l  r e s u l t  i n  the cheapest design. 
The const ruct ion o f  a w indmi l l  hub from sheetmetal i s  probably on 
the same order o f  d i  f f i  cu l  t y  as manufacturing an automobi 1 e wheel . 
I n  an attempt t o  reach a mature design fo r  a windmi l l  hub several 
sheet s tee l  designs were considered. 
The f i r s t  o f  these designs i s  shown i n  Figure 7. This design 
i s  a modi f ica t ion o f  the o r i g i n a l  Heronemus design f o r  a GRP hub. 
The author wishes t o  acknowledge t h a t  t h i s  design i s  a lso based on 
suggestions from Fred Perkins. I n  t h i s  design, two s tee l  stampings 
are made which fit together t o  form annular channels i n  the cy l inders  
which accommodate the blade roots.  These channels are somewhat 
l a r g e r  than the ou te r  race o f  t he  blade bearings. The blade bearings 
are mounted on sockets i n t o  which the blade roo ts  fit. The sockets 
are inser ted  between the two halves o f  the hub, and the s t r uc tu re  i s  
welded together. A j i g  i s  then used t o  ho ld  the blade socket and 
bearing assembly centered i n  i t s  c a v i t y  i n  the hub. A p l a s t i c  bedding 
compound i s  then fn jec ted  between the bearing races and the hub 
FIGURE 7 
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s t r u c t u r e  t o  secure t h e  bearings. 
Th is  design represents a s u b s t a n t i a l  s tep  towards a hub s u i t a b l e  
f o r  mass product ion.  Add i t i ona l  ly ,  t h e  s e l e c t i o n  o f  t h e  phys ica l  
p r o p e r t i e s  o f  t h e  bedding compound presents some o p p o r t u n i t y  f o r  
e a s i l y  a d j u s t i n g  t h e  r i g i d i t y  o f  t h e  connect ion o f  t h e  blades t o  t h e  
hub, which m igh t  be use fu l  f o r  t u n i n g  v i b r a t i o n s  o u t  o f  t h e  system. 
M o d i f i c a t i o n  t o  Blade Attachment Scheme 
A1 1 t h e  designs presented thus f a r ,  however, share a rnajor 
economic disadvantage w i t h  t h e  WF-1 hub. The cho ice  o f  bear ings t o  
support t h e  b lade r o o t  i s  1 i m i t e d  t o  l a r g e  r o l l e r  o r  b a l l  bearings, 
which a re  expensive, o r  p l a s t i c  j o u r n a l  bearings. I n i t i a l l y  i t  was 
f e l t  t h a t  p l a s t i c  bearings c o u l d  be used t o  avo id  t h e  c o s t  o f  r o l l e r  
bearings. I n  terms o f  l o a d  bear ing  capac i t y  these would be adequate. 
However, the  to rque necessary t o  overcome t h e  s t a t i c  f r i c t i o n  i n  t h e  
p l a s t i c  bear ings was found t o  be s u f f i c i e n t l y  g rea t  t h a t  t he  p l a s t i c  
I bearings had t o  be r u l e d  out .  
The to rque necessary t o  overcome t h e  s t a t i c  f r i c t i o n  o f  a 
j ou rna l  bear ing  can be shown t o  be: 
i 
where : 
r = r a d i u s  t o  t h e  bear ing  sur face from t h e  p i t c h  a x i s  
p = c o e f f i c i e n t  o f  f r i c t i o n  o f  t he  bear ing ma te r ia l s .  
M b =  t o t a l  bending moment a t  t h e  blade roo t .  
L = l e n g t h  between bear ings 
Mb appears a t  each bearing, s ince  i t  i s  a couple, and t h e r e  a r e  
t h r e e  blades, so the  p i t c h  motor must overcome a p i t c h i n g  to rque due 
t o  f r i c t i o n  o f :  
Pre l  im ina ry  c a l c u l a t i o n s  , and i n f o r m a t i o n  from p l a s t i c  bear ing  
manufacturers, i n d i c a t e d  t h a t :  
F( = 0.02 
r = 4" (approx. ) 
Mb = 30,000 a ft. (o r  l e s s ,  depending on c o n d i t i o n s )  
L = 12" (as a guess, b u t  probably f a i r l y  c lose  t o  t h e  
value which w i l l  u l t i m a t e l y  be chosen.) 
Thus t h e  to rque necessary t o  overcome bear ing f r i c t i o n  cou ld  be as 
much as 1200 f t - l b s .  It should be s t ressed t h a t  t h e  30,000 I b .  va lue 
f o r  Mb i s  a conservat ive  es t imate  o f  t h e  maximum load ing  which would 
be a p p l i e d  t o  t h e  blades. It i s  necessary, however, t o  design t h e  
p i t c h i n g  l inkages and t h e  p i t c h  a c t u a t o r  t o  bear these loads. 
A t  t h i s  stage i n  t h e  design i t  was decided t h a t  t he  d i f f i c u l t i e s  
caused by bearings which surround t h e  b lade r o o t s  exceeded the  
advantages t o  t h i s  system. The c o s t  o f  r o l l e r  bearings o r  t h e  i n -  
creased p i t c h i n g  moment more than o f f s e t  t he  advantages o f  reducing 
t h e  s t r e s s  concen t ra t i on  i n  the  hub. 
An a l t e r n a t i v e  b lade attachment scheme i s  presented i n  F igure  8. 
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This  design i s  s imu la r  t o  t h e  common means of a t t a c h i n g  a rudder 
t o  a ship. Simular  attachment schemes have been proposed by o t h e r  
windmil  1 manufacturers. Th is  design g r e a t l y  s i m p l i f i e s  t h e  design 
o f  t h e  hub. 
Designs Based on Mod i f i ed  Blade Attachment Scheme 
The hub design based on t h i s  m o d i f i c a t i o n  t o  the  b lade r o o t s  i s  
presented i n  F igure  9. Th is  design i s  the  design which the  author  has 
chosen as being t h e  most economical. It should be s t ressed t h a t  t h e  
dec is ion  as t o  which concept t o  s e l e c t  f o r  t he  f i n a l  design, was 
based p r i m a r i l y  on seat-of-the-pants judgement. While rough c o s t  
and s t r e n g t h  c a l c u l a t i o n s  were made f o r  some o f  t h e  o t h e r  designs, i t  
i s  imposs ib le  t o  examine every design i n  d e t a i l  as t o  adequacy and 
cost .  The number o f  conceptual s o l u t i o n s  t o  an engineer ing problem 
such as a w i n d m i l l  hub i s  e s s e n t i a l l y  i n f i n i t e ,  t he re  are  almost 
c e r t a i n l y  b e t t e r  designs which s imply haven ' t  occurred t o  anyone ye t .  
The author, and those who have advised him i n  h i s  work, f e e l  
t h a t  t h i s  design i s  t h e  bes t  one considered, and t h a t  i t  i s  a sub- 
s t a n t i a l  improvement over  t h e  s t a t e  o f  t h e  a r t  f o r  medium s i z e d  wind 
machines. The d e t a i l s  o f  t h i s  design w i l l  be presented l a t e r ,  b u t  
i t  would be approp r ia te  t o  present  some o f  t h e  s a l i e n t  advantages o f  
t h i s  design i n  t h e  con tex t  o f  t h e  o t h e r  conceptual designs. 
The design i s  t o  be executed i n  stamped s t e e l ,  a m a t e r i a l  whose 
phys ica l  p r o p e r t i e s  a re  b e t t e r  understood than those o f  wood o r  
p l a s t i c .  Stamped .s tee l  p a r t s  a re  almost always more economical than 
c a s t  metal,  if the  p iece  can be made i n  sheetmetal a t  a l l .  Recent 
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work i s  naval  a r c h i t e c t u r e  has even tended towards t h e  use o f  
laminated p l a t e s  f o r  t h e  c o n s t r u c t i o n  o f  such massive s t r u c t u r a l  
elements as s t e r n  posts and s i ~ n u l a r  s h i p ' s  p a r t s ,  which i n  t h e  p a s t  
have been forged. 
The design, w h i l e  perhaps n o t  t h e  most e legant  i n  terms o f  a  
shape t o  bear t h e  loads a p p l i e d  t o  i t , i s  s imple t o  const ruc t ,  The 
e n t i r e  design cons is t s  o f  f o u r  p a r t s ,  t h ree  o f  which are  i d e n t i c a l ,  
thus reduc ing t o o l  i n g  cos ts ,  The d i f f i c u l t i e s  assoc ia ted w i t h  
compounds curves i n  a  stamped p a r t  a re  complete ly  avoided. The design 
cons is t s  o f  f l a t  sur faces which meet i n  s t r a i g h t  l i n e  bends. Th is  
i s  an advantage n o t  o n l y  i n  product ion,  b u t  a l s o  i n  terms o f  p ro to -  
typ ing .  The hub cou ld  be b u i l t ,  admi t ted l y  w i t h  d i f f i c u l t i e s ,  w i t h  
a  metal  c u t t i n g  bandsaw, a  metal shear, and a  s imple bending brake, 
Th is  a l l ows  the  c o n s t r u c t i o n  o f  a  p ro to type  hub f o r  s t r u c t u r a l  t e s t i n g  
p r i o r  t o  i n v e s t i n g  money i n  a  s e t  o f  b lank ing  and forming d ies.  The 
l a y o u t  f o r  t h e  major  s t r u c t u r a l  element i n  t h e  hub i s  shown i n  F igure  
10. 
Very few o f  t h e  dimensions o f  t h e  hub a r e  c r i t i c a l  , t h e  l o c a t i o n  
o f  t he  holes f o r  mounting t h e  blade bear ings r e l a t i v e  t o  each o the r ,  
and t h e  holes f o r  hub mounting, a re  t h e  o n l y  c r i t i c a l  dimensions. An 
assembly method w i  11 be presented which insures  the  proper  r e l a t i o n s h i p  
between these holes, even i f  t h e  ac tua l  ou ts ide  dimensions o f  t he  hub 
vary s l i g h t l y  from t h e  design. 
Two o t h e r  designs were considered, e s s e n t i a l l y  mad i f i ca t i ons  o f  
t h i s  design. The f i r s t  i s  a  box g i r d e r ,  executed i n  sheetmetal, and 
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i l l u s t r a t e d  i n  Figure 11. This design was considered because i t  i s  a 
more r i g i d  shape than the channel sec t ion  chosen. This design was 
abandoned because, through b u i l d i n g  a cardboard model , i t  was de- 
termined t h a t  the dimensions o f  the i nd i v i dua l  pa r t s  became more 
c r i t i c a l ,  simply i n  order t o  ge t  the pieces t o  f i t  together, 
The o ther  design, i l l u s t r a t e d  i n  Figure 12, i s  e s s e n t i a l l y  a 
modi f i ca t ion  o f  a design by Heronemus, adapted t o  the new blade 
attachment scheme. This design appears t o  be a very elegant so lu t i on  
t o  the problem o f  designing a hub i n  the context  o f  l a rge  scale mass 
production. It cons is ts  o f  two i d e n t i c a l  par ts ,  which are assembled 
simply by welding around the  edges. A box g i r d e r  s t r uc tu re  i s  formed 
w i t h  very l i t t l e  labor .  The problem w i t h  t h i s  design l i e s  i n  the 
deep draught compound curves involved. It would be impossible t o  
prototype t h i s  design w i thou t  making the dies. The t o o l i n g  would 
probably have t o  be a se t  o f  sequential stamping dies, a l a rge  press 
would be requ i red t o  make the par ts .  This design must w a i t  f o r  a 
be t t e r  understanding o f  windpower, I n  p a r t i c u l a r  a good understanding 
o f  the s t r uc tu ra l  requirements o f  a windmi l l  hubs, as wel l  as a good 
understanding o f  the market demand f o r  w indmi l ls  would be necessary 
t o  j u s t i f y  t h i s  design. Unfor tunate ly  the answers t o  these questions 
w i l l  on ly  be gained w i t h  experience. 
Designs Not Considered 
It should be noted t h a t  several cu r ren t  designs have been omit ted 
frorn t h i s  section. There are several reasons f o r  t h i s :  The basic design 
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of the wind machine as a  whole d i f f e r s  g r e a t l y  from one engineering 
group t o  another, basic decis ions about r o t o r  cha rac te r i s t i c s  or 
con t ro l  method render work o f  others useless i n  the context  of a  
WF-1 type machine. Add i t i ona l l y  the re  i s  a  desi're t h a t  t h i s  work 
independent o f  others, i n  order t h a t  the  r e s u l t s  be ava i l ab le  f o r  
ac tua l  const ruct ion,  i n  the event t h a t  another wfndni i l l  i s  but1 t a t  
UMass, o r  by those from the  UMass group. The work of P,A.M, Spierings, 
and others, a t  UTRC, i s  a  prime example o f  th is . '  The i r  design f o r  
a  hub using a  tuned mate r ia l ,  f l e x i b l e  i n  to rs ion ,  and s t i f f  i n  
bending, has an elegant s i m p l i c i t y  l ack i ng  i n  most o f  the designs 
presented here. The i r  design, however, i s  best  su i ted  t o  machines 
w i t h  an even number o f  blades. It i s  a l so  u n l i k e l y  t h a t  t h i s  design 
i s  ava i lab le ,  on a  comnercial basis, t o  any group outs ide the  Uni ted 
Technologies corporate s t ruc tu re .  
C H A P T E R  I 1 1  
WINDMILL CONTROL SCHEMES 
Mot ivat ions f o r  P i t c h  Control  
Some means i s  necessary t o  con t ro l  the  operat ion o f  a  windmi l l  
under vary ing wind condi t ions.  The most common way used t o  con t ro l  
modern windmi l ls  i s  through ad jus t ing  the  p i t ch ,  t h a t  i s  the  angle 
between the  chord l i n e  o f  the blade and i t s  p lane o f  r o ta t i on .  By 
ad jus t ing  the  p i t c h  the angle o f  a t tack  o f  the a i r f o i l ,  and thus i t s  
l i f t ,  can be con t ro l led .  The var ious condi t ions under which the  
machine must be regu la ted must be described. 
Every windmil 1  has a  design output. This i s  the maximum 
power which the  machine i s  designed t o  produce. This i s  the  power 
f o r  which the energy converter  and the power transmission are sized. 
When the windspeed passes above the  design windspeed, t h a t  i s ,  the  
lowest windspeed a t  which design power i s  produced, some means i s  
necessary t o  reduce the  f r a c t i o n  o f  the  power ava i lab le  i n  the  wind 
which i s  a c t u a l l y  t ransmi t ted  t o  t he  windshaft  o f  the transmission. 
The most comnon way o f  doing t h i s  i n  modern machines i s  by increas ing 
the p i t c h  o f  the blades, thus reducing the  angle o f  a t t ack  and the 
1  i f t  o f  the  blades. 
Another need fo r  p i t c h  con t ro l  i s  t o  p r o t e c t  the s t r uc tu re  o f  
the blades, hub and support s t r uc tu re  from excessive loadings i n  very 
high winds. This i s  f requen t l y  done by fea ther ing  the machine, t h a t  
i s  s e t t i n g  the  blade p i t c h  t o  go0, so t h a t  the  r o t o r  w l l l  stop and 
3 2 
the blades w i l l  produce no 1  i ft. The 1 i ft and drag of an a i r f o i l  
a1 igned w i t h  i t s  chord p a r a l l e l  t o  the flow i s  low, and thus the 
loadings on the s t r uc tu re  are  small, even i f  the windspeed gusts t o  a  
high value. A d d i t i o n a l l y  by stopping the  r o t o r  completely i n  h igh 
winds, i t  i s  n o t  necessary t o  be concerned by gyroscopic forces 
produced when a sudden wind veer ( d i r e c t i o n  change) occurs i n  h igh 
wind condi t ions w i t h  the r o t o r  tu rn ing .  
O f  course, the s t r uc tu re  must be able t o  wi thstand the sudden 
force o f  the wind on the blades at tempt ing t o  yaw the  machine, bu t  
compl i c a t i o n s  inherent  i n  yawing a spi:nning r o t o r  are avoided. 
Frequently a  d i f f e r e n t  approach i s  taken t o  p ro tec t i ng  the 
s t r uc tu re  from excessive winds: The machine i s  designed i n  such a  
way t h a t  i t  can operate a t  r a ted  power no mat ter  what the windspeed. 
This has the advantage t h a t  a  simple cen t r i f uga l  p i t c h  con t ro l  system 
can be used t o  con t ro l  the machine. Figure 13 i l l u s t r a t e s  the hub 
f o r  an Elektro-6, t y p i c a l  o f  t h i s  type o f  con t ro l .  
One might  be tempted t o  t h i n k  t h a t  another advantage t o  t h i s  
scheme would be the a b i l i t y  t o  e x t r a c t  the  power ava i lab le  from 
exceedingly h igh winds. By r e f e r i n g  t o  Figure 14, a  t y p i c a l  power 
durat ion curve fo r  a  windmi l l  i n  a  r ea l  wind regime, one can see t h a t  
not  much energy i s  l o s t  by shu t t i ng  the machine down i n  h igh winds. Z 
The economic f e a s i b i l i t y  o f  a  windmi 11 i s  based on i t s  p roduc t i v i t y ,  
[ t h a t  i s  i t s  average power output, versus i t s  cost. P roduc t i v i t y  can 
C i be shown t o  be: 
t = T j ipow;r) d t  
( t o t a l  t irne) 
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This can be determined by: 
I NHPE = o  (power) d(number o f  hours power exceeded) NHPE = 1  
t h a t  i s ,  the  area under the power du ra t ion  curve. I f  rec tang le  (A) ,  
the power produced i n  winds above, say 50 M.P.H., i s  omitted, l i t t l e  
i s  l o s t  i n  terms o f  p r o d u c t i v i t y .  Th is  i s  because the  wind r a r e l y  
exceeds 50 M.P.H. The cos t  o f  making the machine s t r u c t u r a l l y  cap- 
able o f  w i ths tand ing the loads i n  h igh winds i s  beyond what would be 
gained by running the  machine. The on l y  r ea l  advantage t o  a1 lowing 
the machine t o  run  i s  t he  reduc t ion  o f  cos t  of the  p i t c h  con t ro l  
scheme, and t h i s  must o f f s e t  the add i t i ona l  s t r u c t u r a l  costs.  
There i s  another s i t u a t i o n  where p i t c h  con t ro l  i s  advantageous, 
t h i s  i s  i n  s t a r t i n g  a  w indmi l l .  By r e f e r i n g  t o  F igure  15, we can see 
t h a t  the wind experienced by the  a i r f o i l  i s  (approximately) the  vector  
sum o f  the  speed o f  the  a i r f o i l  i t s e l f  and the f r e e  speed o f  the  wind. 
The r e s u l t  o f  t h i s  (w i thou t  g e t t i n g  i n t o  too rnuch d e t a i l )  i s  t h a t  the 
p i t c h  angle f o r  maximum power f o r  a  windmil 1  blade i s  a  very  low angle, 
sometimes even a  negat ive angle. It should be obvious t h a t  t h i s  i s  n o t  
a favorable angle t o  produce the torque necessary t o  s t a r t  a  r o t o r  from 
a s t a n d s t i l l .  I n  p r a c t i c e  the re  a re  two ways o f  avo id ing t h i s  d i f f i c u l t y :  
A compromise i n  the  running p i t c h  o f  the machine, o r  even i n  the t w i s t  o f  
the blade, can be made t o  a l l ow  the  r o t o r  t o  be s e l f - s t a r t i n g  a t  running 
I p i t ch .  The o ther  a l t e r n a t i v e  i s  t o  s e t  the  blades a t  a  h igher p i t c h  when 
i the machine i s  stopped, so t h a t  i t  w i l l  s t a r t  eas i l y ,  w i t h  some p rov i s i on  f o r  
1 reducing the  p i t c h  as soon as the r o t o r  i s  tu rn ing .  The former appmach has I 
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the advantage t h a t  the p i t c h  con t ro l  system can be s imp l i f i ed ,  o r  i f  
some o ther  means o f  regu la t ing  the  machine a t  ra ted  power ex i s t s ,  p i t c h  
con t ro l  can be e l im ina ted  e n t i r e l y .  The l a t t e r  scheme has the advantage 
t h a t  the n e t  p r o d u c t i v i t y  o f  the wind machine i s  increased. 
A1 te rna t i ves  t o  P i t c h  Control 
A t  t h i s  p o i n t  i t  would be appropr iate t o  discuss some o f  the  
a l t e rna t i ves  t o  p i t c h  con t ro l  f o r  regu la t ing  the  output  o f  the r o t o r  
and p ro tec t i ng  the machine from excessive loads. For one reason o r  
another these schemes are unsu i tab le  i n  the context  o f  the  machine f o r  
which t h i s  hub i s  being designed. The basic desc r i p t i on  o f  the machine 
towards which t h i s  work i s  d i r ec ted  i s  accepted as a  given f ac t ,  bu t  
some o f  these schemes might t u r n  ou t  t o  be su i t ab le  f o r  a  d i f f e r e n t  
type o f  machine. 
The o ldes t  means o f  c o n t r o l l i n g  the output  of a  windmi l l  i s  
through f u r l i n g  o f  t he  blades. T rad i t i ona l  Dutch windmi l ls ,  and 
t r a d i t i o n a l  Chinese v e r t i c a l  ax i s  machines operated w i t h  wooden 
frameworks t o  which s a i l s  were attached. When the need came t o  
reduce power output  these s a i l s  could be reefed, o r  even f u r l e d  
compl e te ly .  
A1 t e rna t i ve l y ,  i f  the  blades were made e n t i r e l y  of wood, the 
a i r f o i  1  s  surfaces could be arranged as shut ters ,  simul a r  t o  venetian 
bl inds,  so t h a t  they cou ld  be opened up, and.thus wind could be s p i l l e d .  
F 
/ Ne i ther  o f  these f u r l i n g  schemes make much sense i n  the  context  o f  
1 modern windmi 11 blades. The t rend  t o  mono1 i t h i  c, automatical l y  i 
con t ro l l ed  blades, leads t o  a s i m p l i c i t y  o f  construct ion,  wain- 
tenance and con t ro l ,  along w i t h  an increased e f f i c i e n c y  due t o  the  
a b i l i t y  t o  opt imize the  blade shape which i s  missing t n  the above 
designs . 
Another t r i e d  and t r u e  method of c o n t r o l l i n g  w indmi l l  output  i s  
through weather-cocking the  machine o u t  o f  the  wind. Figure 16 
ind ica tes  such a machine. I n  t h i s  design the  empennage o f  t he  wind- 
m i l l ,  which i s  used as the  means o f  o r i e n t i n g  the r o t o r  i n t o  the  wl'nd, 
i s  r o t a t e d  90' so as t o  t u r n  the r o t o r  t o  a p lane ,para l le l  t o ,  r a the r  
than perpendicular  to ,  the wind. The area o f  windflow Pnterrupted, 
and thus the  power and loads absorbed, i s  thus reduced. Unfor tunate ly  
the machine being designed i s  a downwind machine, t h a t  i s  the blades 
are downwind o f  the tower and the ax i s  o f  yaw, thus serv ing t o  make 
the r o t o r  s e l f  o r i en t i ng .  The advantages o f  t h i s  scheme, p a r t i c u l a r l y  
i n  terms of blade-support s t r uc tu re  clearance i n  gust ing winds out-  
weigh the advantages t o  weathercocking the machine, p a r t i  cu l  n r l y  s ince 
the cos t  of an empennage and i t s  mounting i s  e l iminated.  
Another a l t e r n a t i v e  t o  p i t c h  con t ro l  i s  t o  vary the  coning angle 
of the  blades. The coning angle i s  the  angle between the plane o r  
r o t a t i o n  of the r o t o r  and the p i t c h  ax is  o f  the  blades (_see Figure 17,) 
By increas ing the  coning angle one can reduce the  swept area o f  the  
1 I blades, and thus the power ext rac ted from the  wind. The author sees 
1 no advantage t o  t h i s  scheme i n  most designs. It i s  s t i l l  necessary t o  
1 
1 
i hinge the blades t o  the hub, and t o  con t ro l  them i n  some way. I n  ad- 
d i t i o n  t o  t h i s ,  the dynamic problems associated w i t h  a va r iab le  moment 
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j VARIABLE CONING AS A MEANS 
r OF REGULATING POWER OUTPUT. 
L-CONING ANGLE 
o f  i n e r t i a  f o r  the  r o t o r  are formidable. The on ly  context  where t h i s  
design appears t o  have promise i s  i n  the UTRC tuned mate r ia l  hub, 
where the same s t r u c t u r a l  beam which al lows the blades t o  p i t ch ,  and 
provides an e l a s t i c  fo rce  aga inst  which a cen t r i f uga l  p i t c h  c o n t r o l l e r  
acts,  can be designed t o  a l l  ow the blades t o  cone, thus shedding 
some o f  the  t h r u s t  on the blades. 
I n  the design o f  a f l o a t i n g  windmi l l ,  s t i l l  another means i s  
ava i lab le  t o  p ro tec t  the machine from excessive 1 oading. This scheme 
i s  shown i n  Figure 18. As the windspeed increases, the  moment pro- 
duced hy the t h r u s t  o f  the r o t o r  ac t i ng  some distance above metacenter 
o f  the f l o a t i n g  support s t ruc tu re ,  i s  balanced against  the r i g h t i n g  
moment o f  the support s t ruc tu re .  The r i g h t i n g  moment o f  the support 
s t r uc tu re  increases as hee l ing angle increases. Thus as the wind- 
speed increases, the  windmi l l  heels over and the swept area of the  
r o t o r  perpendicular t o  the  wind i s  reduced, and the wind loads i s  re -  
duced. Unfortunately, t h i s  e legan t l y  simple scheme i s  only appropr iate 
f o r  f l o a t i n g  windmi l ls ,  and i s  impossible i n  a r i g i d l y  supported system. 
Competit ive P i t c h  Control Schemes 
UMass P i t c h  Control System 
Having estab l ished the  need f o r  p i t c h  con t ro l ,  we w i l l  now discuss 
some o f  the most promising concepts f o r  p i t c h  con t ro l  f o r  a medium 
sized, down wind, three-bladed windmi l l .  
The machPne being designed i s  essen t i a l l y  intended t o  be an 






HEELING AS A MEANS T O  REGULATE. 
POWER IN FLOATING WINDMILLS. 
j LOW HEELING ANGLE 
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on ly  where the re  i s  room f o r  improvement. As a r e s u l t  i t  i s  ap- 
p r o p r i a t e  t o  descr ibe  t h e  e x i s t i n g  p i t c h  c o n t r o l  system on WF-1. 
F igure  20 shows a schematic rep resen ta t i on  o f  t h e  WF-1 p i t c h  c o n t r o l  
1 inkages, F igure  21 shows the  p i t c h  c o n t r o l  schedule w i t h  which t h i s  
system c o n t r o l s  the  wind furnace. A s i m p l i f i e d  schematic o f  t h e  
analog c o n t r o l l e r  t o  achieve t h i s  schedule i s  shown i n  F igure  22. 
Th is  p i t c h  c o n t r o l  system i s  working, and i t  has adequately 
c o n t r o l l e d  t h e  machine, maximizing i t s  output ,  and p r o t e c t i n g  i t  
from overspeed and excessive loads. The systern does, however, have 
many disadvantages : The mechanical 1 inkages a re  complex and c o s t l y .  
Many o f  t h e  p a r t s  i n v o l v e d  were custom made a t  g r e a t  cost .  The 
complex i ty  o f  t h e  l inkages,  p a r t i c u l a r l y  i n  the  hub, have requ i red  
cons iderab ly  more maintenance than i s  app rop r ia te  f o r  a product ion  type 
machine. The complexi ty  o f  t h e  p i t c h  c o n t r o l  1 inkage a l s o  p u t  severe 
c o n s t r a i n t s  on t h e  c o n s t r u c t i o n  o f  t h e  hub s t r u c t u r e ,  which had t o  
accommodate p r e c i s e  mat ing sur faces fo r  t he  p i t c h  1 inkages which 
g r e a t l y  i n f l uenced  t h e  cost ,  and requ i red  r i g i d i t y  o f  t h e  hub. 
Another disadvantage t o  the  WF-1 c o n t r o l  system i s  i n  t h e  analog 
c o n t r o l l e r .  I n  an at tempt t o  make the  c o n t r o l l e r  adaptable t o  
m o d i f i c a t i o n s  i n  t h e  p i t c h  schedule deemed wise by the  aerodynamics 
s p e c i a l i s t s ,  a c i r c u i t  o f  g rea t  complexi ty ,  w i t h  a g r e a t  many ad jus t -  
ments i n  t h e  form o f  tr immer potent iometers resu l ted .  Recent develop- 
ments i n  the  e l e c t r o n i c s  i n d u s t r y  have enabled a d i f f e r e n t  approach t o  
be taken. A microprocessor based c o n t r o l l e r  i s  being b u i l t  f o r  t h e  
wind furnace, which inc ludes as p a r t  o f  t h e  hardware an e a s i l y  program- 
iit 
FIGURE 21 
















able  microprocessor w i t h  appropr iate i n t e r f aces  (wi ndspeed, windshaft 
rpm and power output  as inputs,  generator f i e l d  cu r ren t  and p i t c h  con- 
t r o l  motor cu r ren t  as outputs.) I n  add i t i on  t o  e l im ina t i ng  most of 
the analog c i r c u i t r y  which was prone t o  misadjustment and f a i l u r e ,  
the task o f  ad jus t ing  con t ro l  parameters becomes one o f  reprograming 
ra the r  than rew i r ing .  
P i t c h  Control Schemes Simular t o  the  WF-1 P i t c h  Control Scheme 
Cent r i  fugal  Systems 
I n  an e f f o r t  t o  simp1 i f y  the design o f  the  p i t c h  con t ro l  system, 
and reduce the cost  o f  the system, several p i t c h  con t ro l  schemes 
s imular t o  the WF-1 scheme were considered. These schemes were based 
on a  fo rce  balance between a  sp r ing  and some force, cen t r i f uga l  o r  
aerodynamic, generated by the r o t o r .  I n  any scheme o f  t h i s  type the 
d i f f i c u l t y  a r i ses  t h a t  the machine cannot be stopped completely i n  a  
h igh wind. The r o t o r  must cont inue t o  run a t  ra ted  speed i n  order t o  
provide the fo rce  necessary t o  regu la te  the  machine. The p i t c h  con t ro l  
schedule f o r  such schemes i s  shown i n  Figure 23. The schemes based 
on t h i s  schedule have the disadvantages, already mentioned, t h a t  the 
s t r uc tu re  must be designed t o  wi thstand running i n  very h igh winds. 
Add i t i ona l l y ,  an added cos t  i s  involved i n  p rov id ing  the hardware t o  
shut  the machine down from the ground. Occasional ly a  wind machine 
w i l l  f u l l y  charge i t s  storage system and have more power ava i lab le  than 
i t s  load can absorb. I f  t h i s  happens i t  must be poss ib le  t o  e i t h e r  
shut the machine down o r  d iss ipa te  the energy produced. It i s  no t  
Po (PITCH) DEGREES 
economical l y  feasabl e  t o  make the  storage system capable o f  absorbing 
a l l  t h e  energy produced i n  a  h i g h  wind, low demand s i t u a t i o n  which 
e x i s t s  f o r  an unusua l ly  g r e a t  p e r i o d  o f  t ime. 
The f i r s t  p i t c h  c o n t r o l  system o f  t h i s  type t o  be considered 
i s  shown schemat ica l ly  i n  F igure  24. The hardware t o  implement 
t h i s  schematic can take many forms. The c e n t r i f u g a l  weights can be 
t h e  b l  ades themsel ves , a1 1  owed t o  move r a d i  a1 l y  aga ins t  a  spr ing .  
I n  t h i s  case t h e  cam can s imply  be a  s p i r a l  t r a c k  c u t  i n  t h e  blade 
sleeve, i n  which a  p i n  mounted t o  t h e  hub t r a v e l s ,  f o r c i n g  the  b l a d e ' s  
p i t c h  t o  be coupled t o  the  r a d i a l  p o s i t i o n  o f  t h e  blade. Thus p i t c h  
becomes a  f u n c t i o n  o f  angu lar  v e l o c i t y .  Such a  system i s  i l l u s t r a t e d  
i n  F igure 25. 
A1 t e r n a t i v e l y  a  separate c e n t r i f u g a l  weight ,  such as i s  used i n  
t h e  E l e c t r o  (F igure  13) cou ld  be connected through some k i n d  o f  cam 
l i n k a g e  t o  p i t c h  t h e  blades. I n  any system where the  blades are  
c o n t r o l l e d  by separate l i nkages  i t  i s  necessary t o  prov ide  a  l i n k a g e  
t o  synchronize t h e  blades. I f  the  blades are  n o t  synchronized, 
v i b r a t i o n  problems and uneven t h r u s t  bending moments can r e s u l t .  
A  c e n t r i f u g a l  p i t c h  c o n t r o l  system cou ld  a l s o  be mounted i n  the  
mainframe. A1 though t h i s  design has the  disadvantage t h a t  a l i n k a g e  
between the  p i t c h  c o n t r o l  u n i t  and t h e  hub must pace through the  
w indshaf t  i n t o  t h e  hub, i t  has t h e  advantage t h a t  t he  f l y w e i g h t s  can 
be d r i v e n  by a  t ransmiss ion  countershaf t ,  which i s  running a t  a  h igher  
speed than the  w indshaf t  and hub. Th is  a l l ows  t h e  use o f  a  sma l le r  
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Another c e n t r i f u g a l  system which would operate on t h i s  p i t c h  
c o n t r o l  schedule i s  shown i n  F igu re  26. Th is  system cons is t s  o f  two 
se ts  o f  f l ywe igh ts .  The f i r s t  s e t  o f  f l y w e i g h t s  ac ts  aga ins t  a  
sp r ing  t o  decrease t h e  p i t c h  t o  p rov ide  s t a r t u p  c a p a b i l i t y  t o  t h e  
machine. The second s e t  o f  f l y w e i g h t s  i s  b iased by a  s p r i n g  which 
prevents t h e  weights fvom moving u n t i l  t h e  machine reaches r a t e d  
speed. Th is  s e t  o f  weights i s  l i n k e d  i n  such a  way t h a t  as t h e  
weights spread o u t  t h e  p i t c h  i s  a l lowed t o  increase, thus r e g u l a t i n g  
the  machine i n  h igh  speed operat ion.  Th is  scheme i s  i l l u s t r a t e d  
schemat ica l ly  i n  F igure  27 which shows t h e  opera t i on  o f  t h e  system 
under var ious  wind condi t i o n s .  
Hydraul i c  P i  t c h  Contro l  
F igure  28 shows a  schematic f o r  a  hyd rau l i ca l ' l y  operated p i t c h  
c o n t r o l  system. Th is  system would work t o  the  WF-1 p i t c h  schedule. 
This system has t h e  advantage t h a t  i s  i s  complete ly  hyd rau l i c ,  no 
e l e c t r i c a l  connect ions a r e  r e q u i r e d  t o  c o n t r o l  t h e  machine. The 
p i t c h  l i n k a g e  i s  sprung i n  such a  way t h a t  when t h e  h y d r a u l i c  system 
i s  unpressurized, t h e  blades p i t c h  t o  40'. By t h i s  means t h e  s t a r t -  
up of t h e  machine i s  insured, s ince  t h e  h y d r a u l i c  pump i s  d r i v e n  by 
the  w i n d m i l l ' s  t ransmission.  As t h e  machine s t a r t s  t o  t u r n  t h e  
h y d r a u l i c  pump pressur izes  t h e  system and a  governor c o n t r o l l e d  va lve  
d r i v e s  t h e  blades t o  the  runn ing p i t c h .  When t h e  machine reaches 
r a t e d  speed t h e  governor va lve  regu la tes  the  machine t o  the  r a t e d  
: speed. An o v e r r i d e  p i s t o n  i s  p rov ided which can d r i v e  the  governor 
FIGURE 26 
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va lve  t o  i t s  f e a t h e r  p o s i t i o n .  Th is  p i s t o n  i s  ac tuated by p i l o t  
pressure from t h e  hydraul  i c system which passes through two para1 1 e l  
diaphragm valves. The f i r s t  va lve  uses a  p i t o t - s t a t i c  system t o  
fea ther  t h e  machine i n  h i g h  wind cond i t i ons .  The second va lve  i s  
I opened by a  pressure drop i n  t h e  water  t w i s t e r  coo lan t  system. 
I Th is  coo lan t  system i s  designed i n  such a  way t h a t  t h e  pressure can 
be re1 ieved by opera t i ng  a  c y l  i n d e r  on t h e  ground which increases 
the  volume o f  t he  system. I n  t h i s  way t h e  machine can be shut  down 
from t h e  ground w i t h o u t  t h e  need f o r  any separate c o n t r o l  1  i nes  
between t h e  machine and the  ground. A bypass network i n  p a r a l l e l  
w i t h  t h e  h y d r a u l i c  c y l i n d e r  a l l ows  t h e  f l u i d  t o  bypass t h e  c y l i n d e r  
e a s i l y  when t h e  va lve  i s  i n  the  decrease p i t c h  p o s i t i o n .  I n  t h i s  
way t h e  c y l i n d e r  i s  p ro tec ted  from over load when t h e  machine i s  
running above c u t  i n  speed b u t  below r a t e d  speed. 
The bypass i n  t h e  oppos i te  d i r e c t i o n  i s  designed f o r  a  much 
lower f l o w  r a t e .  Thus when t h e  f e a t h e r i n g  s i g n a l s  a re  a c t i v e  a  much 
lower f l o w  r a t e  i s  necessary t o  keep the  machine feathered. O f  
course t h e  machine must s t i l l  t u r n  very  s l o w l y  i n  order  t o  prov ide  
h y d r a u l i c  pressure t o  keep t h e  machine very n e a r l y  feathered, This 
equi 1  i b r i  um speed cou ld  be 1  owered by removing t h e  bypass valve;  
however, t h e  bypass i s  necessary t o  i n s u r e  t h a t  t h e  machine w i l l  r e t u r n  
t o  t h e  40' s t a r t u p  p i t c h  when the  wind d ies  down. 
This c o n t r o l  system i s  almost i d e n t i c a l  t o  t h e  c o n t r o l  system 
fo r  a  constant  v e l o c i t y  a i r c r a f t  propel  l e r  system. A i r c r a f t  
p r o p e l l e r  c o n t r o l  systems have t h e  h y d r a u l i c  pump b u i l t  i n  as an 
i n t e g r a l  p a r t  o f  t h e  c e n t r i f u g a l  valve. It i s  poss ib le  t h a t  such a  
va lve  cou ld  be mod i f i ed  t o  serve as a  w i n d r r ~ i l l  c o n t r o l l e r .  A l t e r n a t i v e -  
ly ,  a  custom made governor va lve  cou ld  be b u i l t ,  us ing a separate 
t h y d r a u l i c  pump. The remainder o f  t he  p a r t s  i n  t h e  schematic a re  
i 
standard h y d r a u l i c  components. 
Th is  system has t h e  advantage t h a t  i t  prov ides  sa fe  c o n t r o l  o f  
t h e  machine w i t h o u t  t h e  need f o r  e l e c t r i c a l  s l i p  r i n g s .  I n  terms of 
long term p roduc t ion  i t  might  be competive w i t h  t h e  bes t  e l e c t r o n i c  
a1 t e r n a t i v e .  The c o n s t r u c t i o n  o f  custom valves, and t h e  purchase o f  
s tock  components would be very c o s t l y ,  however, and i s  n o t  adv isab le  
f o r  a  small  p roduct ion  run. The governor valve,  which must be made 
w i t h  p r e c i s i o n  ground and lapped sur faces i n  o rde r  t o  make a  va lve  
which w i l l  be both adequately l eak  f r e e  and capable o f  being d r i v e n  
by t h e  small  c o n t r o l  f o r c e  o f  t h e  f l ywe igh ts ,  cou ld  o n l y  be p r o f i t a b l e  
if l a r g e  product ion  j u s t i f i e d  t h e  necessary t o o l  i ng .  
There a re  several  reasons why t h i s  design was abandoned. The 
f i r s t  i s  t h a t  t he re  appears t o  be a  very  s imple mechanical system 
which a t  some t ime i n  the  f u t u r e  might  p rov ide  very cheap c o n t r o l  o f  
t he  w indmi l l .  I n  t h i s  case i t  would be w ise r  t o  use a  microprocessor 
i n  t h e  meanwhile, as a  microprocessor system can be developed cheaply 
ou t  o f  a lmost  e n t i r e l y  s tock  components. Thus i f  t h e  mechanical 
system becomes usable l i t t l e  c a p i t a l  i s  t i e d  up i n  t h e  product ion  o f  
an obso le te  p a r t .  
A d d i t i o n a l l y  t h e  v e r s a t i l i t y  i n  t h e  c o n t r o l  schedule o f  a  
microprocessor c o n t r o l  system i s  h i g h l y  advantageous i n  view o f  t he  
p r i m i t i v e  s t a t e  o f  windmil  1  c o n t r o l  theory  (which w i l l  doubt less 
change as more i s  learned about the  winds i n  which w i n d m i l l s  operate.) 
Spr ing  Contro l  1  ed Sys tern 
F igure  29 shows a  schematic o f  a  s p r i n g  c o n t r o l l e d  p i t c h  system. 
I n  t h i s  scheme a  balance between a  non l i nea r  s p r i n g  and t h e  aero- 
dynamic p i t c h i n g  moments o f  t h e  blades regu la tes  the  machine i n  
winds above t h e  r a t e d  windspeed t o  prevent  t h e  machine from over- 
speeding . 
The aerodynamic p i t c h i n g  moment on an a i r f o i l  about t h e  q u a r t e r  
chord i n  normal ope ra t i on  i s  e s s e n t i a l l y  zero. The p i t c h i n g  moment 
o f  t he  b lade i s  then t h e  product  o f  t h e  n e t  aerodynamic fo rce  on t h e  
blade mu1 t i p 1  i e d  by t h e  l e v e r  arm between the  q u a r t e r  chord and t h e  
p i t c h  a x i s  a t  t h e  cen te r  o f  e f f o r t  o f  t h e  blade. The b lade and hub 
are  hinged i n  such a  way t h a t  t h e  q u a r t e r  chord and t h e  p i t c h  a x i s  
co inc ide  when t h e  machine i s  a t  r e s t .  The l e v e r  arm i s  c reated by 
t h e  d e f l e c t i o n  o f  t h e  b lade due t o  aerodynamic loadings.  Thus t h e  
p i t c h i n g  moment, which tends t o  f e a t h e r  t h e  blade, increases w i t h  
i nc reas ing  windspeed and b lade load ing.  
It i s  poss ib le ,  then, t o  make t h e  aerodynamic loads on t h e  
machine s e l  f - r e g u l  a t i  ng. As t h e  w i  r~dspeed and wind 1  oads increase, 
the  f o r c e  balance between t h e  s p r i n g  and the  blades i s  a l t e r e d  - 
the  blades p i t c h  towards fea ther ,  reducing t h e  loading,  c r e a t i n g  a  
very simple servo system t o  c o n t r o l  t h e  r o t o r .  
The machine must be designed t o  w i ths tand  loads s l i g h t l y  above 
i those c reated a t  r a t e d  power over  a range o f  windspeed from r a t e d  
1 windspeed t o  t h e  windspeed above which s t r u c t u r a l  f a i  1  u re  i s  accepted. 
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( i n  t h e  case o f  t h i s  design 150 mph). The machine does n o t  f e a t h e r  
complete ly  f o r  hu r r i cane  winds. 
The p r o v i s i o n  f o r  s t a r t u p  i n  t h i s  system can e i t h e r  be a  s imple 
c e n t r i f u g a l  system i n  s e r i e s  w i t h  t h e  nonl- inear  spr ing ,  as shown i n  
t h e  i l l u s t r a t i o n ,  o r  s t a r t u p  cou ld  be insu red  by making t h e  com- 
promise between s t a r t u p  and running p i t c h .  
While t h e  c o n t r o l  schedule o f  t h i s  scheme i s  n o t  as s o p h i s t i c a t e d  
as the  WF-1 c o n t r o l  schedule, t h e  extreme simp1 i c i  t y  o f  t he  hardware 
make t h e  design compe t i t i ve  w i t h  t h e  o t h e r  promis ing a l t e r n a t i v e ,  
microprocessor based e l e c t r i c  p i t c h  c o n t r o l  . 
Analys is  o f  t h i s  scheme, u n f o r t u n a t e l y  i s  as compl icated as t h e  
i hardware i s  simple. Not on l y  would t h e  dynamic ana lys i s  o f  t h i s  design 
k 
be extremely complex, i t  would a l s o  r e q u i r e  data on the  behavior  of 
h i g h  winds which i s  n o t  c u r r e n t l y  ava i l ab le .  
Microprocessor Based System 
Because o f  t h e  d i f f i c u l t i e s  i n  t h e  ana lys i s  o f  the  s p r i n g  
ac tuated p i t c h  c o n t r o l  system an a l t e r n a t i v e  i s  necessary i n  o rde r  t o  
present  a  complete design. The design which appears most compe t i t i ve  
i s  a  microprocessor c o n t r o l l e d  system us ing an e l e c t r i c  l i n e a r  
ac tua to r  t o  p i t c h  t h e  blades. This scheme, shown i n  F igure  30, w i l l  
be discussed i n  g rea te r  d e t a i l  l a t e r  (Chapter 6) .  
T h i s  scheme i s  very s imu la r  t o  t h e  WF-1 p i t c h  c o n t r o l  system. 
There a re  t h r e e  major d i f f e r e n c e s  between t h i s  design and the  WF-1 
p i t c h  c o n t r o l l e r .  The most impor tan t  m o d i f i c a t i o n  i s  i n  t h e  sim- 
p l i f i c a t i o n  of t h e  p i t c h  l inkages i n  t h e  hub. The use o f  s tandard 
FIGURE 30 
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a i r c r a f t  con t ro l  rods i n  a  design which does no t  requ i re  machined 
surface on the hub increases the re1 i a b i  1  i t y  and decreases t he  cos t  
over the WF-1 con t ro l  scheme. 
Add i t i ona l l y  the use of a stock model l i n e a r  ac tuator  reduces 
the cos t  and s i m p l i f i e s  the design over the custom b u i l t  l i n e a r  
ac tuator  used i n  the WF-1. The advantages.of a  microprocessor based 
e l ec t ron i cs  package have already been discussed. 
This design, wh i le  cheaper than the WF-1 c o n t r o l l e r ,  i s  much 
more expensive than the spr ing system. I n  eva luat ing t h i s  design the 
f o l l ow ing  must be bourne i n  mind: The design i s  e s s e n t i a l l y  
interchangeable w i t h  the sp r ing  system. No modi f icat ions i n  the 
blades, hub, o r  mainframe are necessary t o  swi tch from t h i s  design t o  
the spr ing design. Production models using microprocessors could be 
b u i l t ,  w i thou t  the time delay necessary t o  analyse the spr ing system. 
One o f  these product ion models cou ld  be reprogrammed w i t h  1  i t t l e  
d i f f i c u l t y  t o  s imulate the spr ing con t ro l  l e d  system, thus p rov id ing  
some hard data t o  which the a n a l y t i c a l  work on the spr ing system could 
be compared. 
C H A P T E R  I V  
STRUCTURAL ANALYSIS 
I n t r o d u c t i o n  
Th is  sec t i on  deals w i t h  t h e  ana lys i s  o f  t h e  hub s t r u c t u r e .  I n  
order  t o  do t h i s  i t  i s  necessary t o  make some es t imate  o f  t he  loads 
which t h e  hub must w i ths tand.  There a re  two types o f  load ings  which 
we w i l l  be concerned w i t h .  The g r e a t e s t  loads which w i l l  be en- 
countered a re  hur r icane load ings  o f  t h e  blades. The o t h e r  loads 
which must be considered a re  those which t h e  machine encounters i n  
normal opera t ion .  
Hurr icane Loads 
Accurate e s t i m a t i o n  o f  hur r icane loads on a  w i n d m i l l  i s  d i f -  
f i c u l t .  A  conservat ive  e s t i m a t i o n  o f  these loads has been developed 
a t  UMass f o r  use i n  design work. The e s t i m a t i o n  o f  loads i s  based 
on the  f o l l o w i n g  assumptions: 
The windspeed i s  assumed t o  be 150 mph. Winds above 150 m i les  
per  hour are  exceedingly ra re .  A d d i t i o n a l l y ,  i t  i s  q u i t e  poss ib le  
t h a t  t h e  house which t h e  w indmi l l  heats would be destroyed by such a  
wind. It makes l i t t l e  sense t o  go t o  t h e  expense o f  designing a  
windmil  1  t o  w i ths tand  a  h ighe r  wind when a l l  t h e  s t r u c t u r e s  around i t  
would be destroyed by such a  wind. Much o f  t h e  concern f o r  t he  
s t r u c t u r a l  i n t e g r i t y  o f  a  windmil  1  i s  based on t h e  p o s s i b i l i t y  o f  
consequential  damages from p a r t s  o f  t h e  machine h i t t i n g  o t h e r  ob jec ts .  
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I n  t h e  con tex t  o f  a wind above 150 mph t h i s  becomes a l e s s e r  concern, 
s ince  i t  i s  l i k e l y  t h a t  o t h e r  o b j e c t s  such as t rees ,  lawn f u r n i t u r e ,  
and t h e  l i k e  would be causing s imu la r  damage anyway. 
The machine i s  assumed t o  be fea thered and yawed i n t o  t h e  wind 
w i t h  one b lade i n  a v e r t i c a l  o r i e n t a t i o n .  A t  t h i s  p o i n t  t h e  wind i s  
assumed t o  veer ins tantaneous ly  through 90 degrees, ca tch ing t h e  
v e r t i c a l  b lade broadside w i t h  f u l l  fo rce .  The i n e r t i a  of t h e  machine 
i n  yaw, and t h a t  o f  t h e  r o t o r  i n  r o t a t i o n  i s  assumed g r e a t  enough 
t h a t  t h e  machine, a t  l e a s t  instantaneously,  remains w i t h  a b lade 
broadside t o  t h e  wind. This i s  a ve ry  conservat ive  assumption. 
While no data  appears t o  be a v a i l a b l e  on the  maximum veer r a t e  o f  
hu r r i cane  f o r c e  winds, i t  i s  q u i t e  p o s s i b l e  t h a t  t h e  veer r a t e  o f  
t he  wind would be h igh  enough compared t o  t h e  yaw r a t e  o f  t h e  machine 
t h a t  t h i s  assumption would n o t  be excess ive l y  conservat ive .  
The b lade i s  a1 igned w i t h  i t s  chord perpend icu lar  t o  the  wind 
d i r e c t i o n ,  and i s  considered t o  be a f l a t  p l a t e  i n  drag. Tw is t  o f  
t he  blade i s  assumed t o  be zero, no a t tempt  i s  made t o  reduce t h e  
p r o j e c t e d  area o f  t h e  blade due t o  the  e f f e c t  o f  t w i s t .  The cen te r  o f  
e f f o r t  o f  t h e  fo rce  i s  assumed t o  be a t  t h e  cen te r  o f  t h e  area of t he  
p l  anform. 
F igure  31 shows a l i n e a r  chord l i n e a r  t w i s t  ( I c l t )  w indmi l l  blade 
s u i t a b l e  t o  t h i s  design. Work i n  b lade design may determine t h a t  a 
d i f f e r e n t  blade w i l l  be used, b u t  f o r  the  purposes o f  hub design 
these changes can be assumed t o  be i n s i g n i f i c a n t .  
The l e n g t h  o f  t h e  b lade i s  189 i n .  The chord a t  t h e  r o o t  i s  
FIGURE 31 
35'D.IA. BLADE. 
,rn ULAOC nwr 
CllrJhD 33.75. tn 
I b l l S f  I 3 . S O  I ORN. BY J TURN BERG.) 
33.25 inches. The chord a t  t he  t i p  i s  4.20 inches. Thus t h e  area 
o f  t h e  blade i s  g iven by: 
(189) x (33.25 + 4.20) 
= 3539.03 in.' = 24.58 ft. 2 2 
The blade i s  considered t o  be a t rapezoid.  Refer ing  t o  F igure  32 
t h e  c e n t e r  o f  t h e  area o f  a t rapezo id  can be found us ing the  formula: 4 
Thus t h e  d i s tance  from the  cen te r  o f  e f f o r t  t o  the  b lade r o o t  
i s :  
The c o e f f i c i e n t  o f  drag i s  determined by assuming t h a t  t h e  b lade 
i s  rec tangu lar .  Because the  b lade i s  a c t u a l l y  a t rapezo id ,  an as- 
sumption has t o  be made concerning t h e  drag c o e f f i c i e n t  o f  t he  blade, 
which v a r i e s  w i t h  t h e  r a t i o  o f  l e n g t h  over  width.  Because drag 
c o e f f i c i e n t  increases w i t h  i nc reas ing  L/W r a t i o ,  t h e  w i d t h  o f  t h e  
blade w i l l  be conserva t i ve l y  assumed t o  be the  t i p  chord length ,  
4.20 i n .  Thus the  r a t i o  i s :  
jng = 45.0, o r  f o r  purposes o f  de termin ing  Cd, 4.20 i n .  
i n f i n i t y .  The drag c o e f f i c i e n t  i s  then 1.90. 5 
The d e n s i t y  of a i r  i s  taken t o  be:6 0.00237 sec2/ f t4 .  The 
windspeed i s  150 mph o r  150 x 1.4667 f t / s e c  = 220.01 f t /sec .  
The drag force on the  blade i s  then, 
FIGURE 32 
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The bending moment a t  t he  r o o t  o f  t h e  blades i s  then: 
2678.67 x 5.84 = 15,642 f t - l b s ,  o r  187721 i n - l b s .  
Because o f  t h e  conse rva t i ve  assumptions made i n  t h i s  ana lys i s ,  and 
because t h i s  l o a d  represents  an i n  extreemus s i t u a t i o n ,  no s a f e t y  
f a c t o r  i s  app l ied .  
Normal Loads 
Nonaerodynamic Loads 
The hub i s  sub jec ted  t o  a v a r i e t y  o f  loads i n  normal opera t ion .  
The major  loads are:  t h r u s t ,  bending morr~ent due t o  t h r u s t  and 
torque, c e n t r i f u g a l  fo rces ,  and t h e  we igh t  o f  t h e  blades. The hub i s  
a l s o  sub jec ted  t o  gyroscop ic  fo rces  due t o  t h e  yaw o f  t h e  machine and 
t h e  v i b r a t i o n s  o f  t h e  tower. 
The gyroscop ic  loads wi 11 n o t  be considered here. It i s  p o s s i b l e  
t h a t  these loads c o u l d  become s i g n i f i c a n t ,  b u t  t h e  i n f o r m a t i o n  i s  n o t  
c u r r e n t l y  a v a i l a b l e  t o  determine these loads.  The yaw r a t e  o f  t h e  
machine has n o t  been set ,  n o r  has t h e  s t r u c t u r e  o f  t h e  tower been 
def ined t o  a p o i n t  where t h e  angu lar  mot ion  o f  t h e  a x i s  o f  r o t o r  
r o t a t i o n  due t o  tower v i b r a t i o n s  can be determined. Because these 
fac to rs  a f f e c t  n o t  o n l y  t h e  hub, b u t  a l s o  t h e  b lades and t h e  mainframe, 
i t  i s  u n l i k e l y  t h a t  they  w i l l  be a1 lowed t o  reach a va lue  which would 
compromise the s t r uc tu re  o f  the  hub. 
The weight o f  the blades and the cen t r i f uga l  fo rce  o f  the blades 
are  n o t  y e t  known. These forces are  s i g n i f i c a n t ,  however, and must 
be estimated. We w i l l  assume t h a t  the blade weight scales as the 
square o f  the chord along the span. We a lso  know t h a t  the weight o f  
a  wind furnace -1 blade, l ess  the s t ee l  stock, i s  44 I bs. The diameter 
o f  WF-1 i s  32.5 ft, t h a t  o f  the cu r ren t  design, 35 ft. We w i l l  
assume t h a t  the weight o f  the blades w i l l  sca le  as the cube o f  t h e i r  
lengths.  Thus the est imated weight o f  the  new blade w i l l  be: 
3  
S- 44 = 54.95, say 55 ibs .  32.5 
We w i l l  d i v i d e  the blade i n t o  sect ions as shown i n  Figure 33. 
Using the assumption t h a t  the weight o f  a  sec t ion  scales as the 
square of the chord, and us ing t rapezo ida l  r u l e  i n t e g r a t i o n  we get :  
Where: 
Ms = weight o f  a  g iven sec t ion  
Mt = assumed weight o f  whole blade 
Cls = chord a t  inboard end o f  a  sec t ion  s  
c2s = chord a t  outboard end o f  a  sec t ion  s  
n  = number o f  sect ions 
This r e l a t i o n s h i p  i s  used i n  Table 1  t o  est imate the weight d i s t r i b u t i o n  
of the blades. 
FIGURE 33 
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Table 1 
ESTIMATION OF WEIGHT DISTRIBUTION OF BLADE 
Section C1 
2 
'1 + C; % Weight Wei.ght 
Me can now c a l c u l a t e  t h e  c e n t r i f u g a l  forces generated by the  
b lade on t h e  hub. We can o b t a i n  the  mass o f  t he  blade sec t i ons  by 
d i v i d i n g  t h e i r  weights by t h e  a c c e l e r a t i o n  o f  g r a v i t y :  
we w i l l  assume t h a t  t h e  cen te r  o f  g r a v i t y  o f  t he  s e c t i o n  i s  l o c a t e d  
_-- 
a t  t he  c e n t r o i d  o f  t he  p lan form t rapezo id  which represents the  
sect ion.  R e c a l l i n g  t h a t  t he  blades are  coned 10' t o  t h e  p lane o f  
r o t a t i o n ,  we develop t h e  f o l l o w i n g  expression f o r  RS, t he  d is tance 
from the  cen te r  o f  g r a v i t y  o f  a  s e c t i o n  t o  t h e  a x i s  o f  r o t a t i o n :  
AL x  (2c2s + CIS)) 
Rs = cos l o 0  x  (Ls + (C2s + Cis) + Rr 
Where: 
LS = l e n g t h  f rom the  b lade r o o t  t o  t h e  inboard  end o f  a  
sec t ion .  
AL = l e n g t h  a long the  b lade o f  a  s e c t i o n  
= 1.75 ft 
r = t h e  d is tance from t h e  a x i s  o f  r o t a t i o n  t o  t h e  
b lade r o o t  
= approximately 20 in. = 1.667 ft, 
Th is  s i m p l i f i e s  t o :  
I 
P The c e n t r i f u g a l  f o r c e  o f  each s e c t i o n  i s  c a l c u l a t e d  i n  Table 2  us ing  
Table 2 
CALCULATION OF CENTRIFUGAL FORCE AND 
CENTRIFUGAL RELIEF 
Section Weight Mass Ls 5s 
the  expression : 
Where : 
n = angular v e l o c i t y  o f  r o t o r  
= 150 R.P.M. 
= 2.5 R.P.S. 
= 15.7080 radians per second 
I n  a d d i t i o n  t o  the c e n t r i f u g a l  fo rce  i t s e l f ,  a bending moment i s  
created by the  c e n t r i f u g a l  fo rce  due t o  the  coning angle o f  the blades. 
Th is  moment, Mcr i s  c a l l e d  cen t r i f uga l  re1 i e f .  Th is  moment counter- 
ac ts  the aerodynamic t h r u s t  bending moment. It i s  g iven by the 
f o l  1 owing expression : 
n 
Mcr  = j = l  1 (Fcs x R, s i n  10') 
o r :  
This cen t r i f uga l  r e l i e f  i s  a l so  ca lcu la ted  i n  Table 2. 
Aerodynamic Loads 
For the purposes o f  t h i s  ana lys is  we w i l l  use est imates by 
7 James Sexton of the aerodynamic loadings.  Sexton est imates the 
t o t a l  t h r u s t  t o  be 1176 Lbf. Th is  g ives a t h r u s t  per blade of 
392 Lbf. He f i n d s  a t o t a l  t h r u s t  bending o f  3773 f t - l b s ,  o r  
1257 f t - l b s  per  blade. He' f i n d s  a  t o t a l  torque o f  19568 inch- 
pounds, o r  543 f o o t  pounds per blade. 
These est imates are  based on the assumption o f  steady s t a t e  
cond i t ions.  The actua l  behavior o f  a  windmil 1  i n  a  r ea l  wind i s  
much less  p red ic tab le .  The e f fec ts  o f  gusts on the  r o t o r  can create  
g rea t  torque and t h r u s t  excursions. This d i f f i c u l t y  i s  most no t i cab le  
i n  a  machine which i s  t i e d  t o  an e l e c t r i c a l  g r i d .  The e l e c t r i c a l  g r i d  
l i m i t s  the speed o f  the a l t e rna to r ,  t o  the r o t o r  the a l t e r n a t o r  
appears t o  have an i n f i n i t e  moment o f  i n e r t i a .  I n  such a  s i t u a t i o n  
torque excursions o f  as g rea t  as ten times the nominal torque have 
been predicted.  I n  the  case o f  the machine being designed, however, 
torque f l uc tua t ions  due t o  wind gusts are  ac t i ng  on l y  aga ins t  the  
i n e r t i a  o f  the  r o t o r ,  the transmission, and the water tw i s t e r .  The 
hub has on ly  t o  bear t h a t  p a r t  o f  the  gust  torque which i s  absorbed 
by the transmission and water t w i s t e r  i n e r t i a .  Sandy B u t t e r f i e l d  
chose t o  use a  f a c t o r  o f  sa fe t y  o f  f ou r  t o  account f o r  t h i s .  This 
sa fe ty  f a c t o r  i s  almost c e r t a i n l y  adequate, experience w i t h  WF-1, 
which has a  windshaf t  which was thought t o  be dangerously c r i t i c a l l y  
designed, has shown t h a t  these torque o s c i l l a t i o n s  are n o t  near l y  as 
g rea t  as a  f a c t o r  o f  four.  Work by Fred Antoon (see Figure 34) who 
performed a computer s imu la t ion  o f  the dynamic torque response o f  
WF-1 t o  gust  loads, i nd ica tes  t h a t  f ou r  may be a  more than generous 
safety factor .8 The catas t roph ic  nature  o f  a  hub f a i l u r e ,  along w i t h  
the low cos t  o f  the s t ee l  which goes i n t o  making the hub, leads us t o  
TORDUE FLUCTUATIONS AS A 
FUNCTION OF TIME,SIMULATlON 
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l e t  t h e  s a f e t y  f a c t o r  remain a t  f ou r .  It w i l l  be seen t h a t  t h i s  
assumption has l i t t l e  e f f e c t  on t h e  c o s t  o f  t he  machine, s ince  t h e  
r e s u l t i n g  loads a re  so small  compared t o  t h e  assumed hu r r i cane  loading.  
Summary o f  Loads 
Table 3 summarizes t h e  loads and s a f e t y  f a c t o r s  which t h e  hub 
must wi thstand.  For t h e  sake o f  conservat ism t h e  c e n t r i f u g a l  re1  i e f  
f o r c e  i s  ignored. As t h e  windspeed increases t h e  t h r u s t  bending w i l l  
q u i c k l y  r i s e ,  w h i l e  i t  w i l l  take  some t ime f o r  t h e  r o t o r  speed, and 
the  c e n t r i f u g a l  r e l i e f ,  t o  reach i t s  maximum value. Because t h e  
c e n t r i f u g a l  f o r c e  and t h e  we ight  o f  t h e  blades a re  n o t  s u b j e c t  t o  t h e  
u n c e r t a i n t i e s  o f  t h e  aerodynamic loads, t h e  standard eng ineer ing  s a f e t y  
f a c t o r  o f  1.5 i s  appl ied.  
S t r u c t u r a l  Ana lys is  
Summation o f  Loads 
It i s  now poss ib le  t o  draw f ree body diagrams o f  t h e  loads which 
a re  a p p l i e d  t o  t h e  hub. F igure  35 shows t h e  f r e e  body diagram f o r  t h e  
loads a p p l i e d  t o  t h e  hub by t h e  hur r icane gust. Because t h i s  l oad  
w i l l  occur  o n l y  when t h e  machine i s  feathered, and then perhaps o n l y  
once i n  the  l i f e  o f  t h e  machine, t h e  p i t c h  bear ings must be chosen 
t o  have a  maximum s t a t i c  capac i t y  adequate f o r  t h i s  load ing.  
F igure  35 a l s o  shows t h e  f r e e  body diagram f o r  t h e  maximum loads 
which the  machine w i l l  encounter i n  normal operat ions.  I n  t h i s  case 
t h e  bear ings must be chosen t o  bear these loads as normal loads t o  
Table 3 
SUMMARY OF LOADS 
Val ue , I n c l  ud i  ng 
Load Safe ty  Factor  Sa fe ty  Factor  O r i e n t a t i o n  
Hurr icane 
Drag 1 2679 1 bs. 
Hurr icane 
Drag 1 5642 f t - 1  bs. 
Bending 1 187721 i w l b s  
Weight o f  
Blades 
Cen t r i  fuga l  
Force 
C e n t r i f u g a l  
Re1 i e f  
Thrus t  
82.5 l bs .  
Z d i r e c t i o n ,  a t  - 
outboard bearing. 
About Y a x i s  
bourne as a 
coup1 e between 




assumpti on :' 
A d d i t i v e  t o  
c e n t r i  f uga l  
f o r c e  when 
blade p o i n t s  
toward ground. 
2571.29 Ibs .  (1.5) = Force i n  X 
3857. 1 bs. d i  r e c t i  on 
bourne by ou t -  
e r  bearing. 
As a deduct ion 
from the  t h r u s t  
bending f o r  t h e  
sake o f  con- 
servat ism, 
t h i s  r e l i e f  i s  
ignored. 
I n  Y d i r e c t i o n  
bourne by out -  
board bear ings . 
Table 3  
SUMMARY OF LOADS 
(CONTINUED) 
Val ue , I n c l  ud ing 
Load Safe ty  Factor  Safe ty  Factor  O r i e n t a t i o n  
Th rus t  
Bending 
Torque 
1257 (X4) = 5028 1 b.-st. About Z a x i s  , a 
4  = 60336 in - l b .  couple on t h e  
bear i  ngs . 
4 543 1b s t  (X4) = 2172 About Y ax i s ,  
1  b. st. as a  couple on 
= 206064 i nr l  b. t h e  bear ings . 





en te r  i n t o  t h e  l i f e  c a l c u l a t i o n s  f o r  t h e  bearings. 
Bear ing Ana lys is  
We w i l l  f i r s t  choose the  bear ings which w i l l  a t t a c h  t h e  blades 
t o  t h e  hub. Assuming t h a t  t h e  bear ings w i l l  be spaced a t  a cen te r  
t o  cen te r  d is tance o f  12 i n .  we f i n d  t h a t  t h e  outboard bear ing  must 
bear a l o a d  o f  15642 + 2679 1 bs, o r  18321 1 bs. I n  o rde r  t o  simp1 i f y  
t h e  design, and take f u l l  advantage o f  t h e  c o s t  reduc t ion  poss ib le  
w i t h  q u a n t i t y  d iscounts,  t h e  same s i z e  bear ings w i l l  be used f o r  
both t h e  inboard  and the  outboard bearings, desp i te  t h e  f a c t  t h a t  
t he  inboard  bear ings have a s l i g h t l y  lower loading.  
I n  o rde r  t o  determine t h e  s i z e  bear ings needed t o  bear normal 
loads, we must determine t h e  t o t a l  t r a v e l  which the  bear ings w i l l  
experience i n  normal operat ion.  Mike Edds suggests t h a t  t h e  best  
es t imate  o f  t h e  t ime du r ing  which t h e  bear ings a r e  i n  opera t i on  i s  
t o  assume t h a t  t h e  machine i s  p i t c h i n g  cont inuous ly  when i t  i s  i n  
reg ion  I 1 1  operat ion.  I n  reg ion  I 1 1  opera t i on  any s l i g h t  change i n  
windspeed w i l l  cause a corresponding change i n  p i t c h  i n  o rde r  t o  
r e g u l a t e  t h e  machine t o  a constant  power output .  It i s  sa fe  t o  
assume t h a t  t h e  few t imes t h a t  t h e  wind i s  b lowing a constant  speed 
w i l l  be canceled by t h e  t ime du r ing  which t h e  blades w i l l  be p i t c h i n g  
a t  low windspeeds t o  accommodate s t a r t u p  o f  t h e  machine. 
J im Sexton est imates t h a t  t he re  w i l l  be approximately 2000 hours 
a yea r  i n  reg ion  I 1 1  operation.' The 1 i f e  expectancy o f  t h e  machine 
i s  t o  be twenty years. Thus we have a t o t a l  t ime i n  opera t i on  o f  
40,000 hours f o r  t h e  bearings. 
The machine w i l l  be fea thered a t  90' p i t c h ,  and runn ing a t  
approximately 0'. Experience w i t h  Wind Furnace 1 i n d i c a t e s  t h a t  a 
p i t c h  r a t e  of 15 seconds from f u l l  f e a t h e r  t o  f u l l  power i s  adequate. 
Th is  causes s l i g h t  f l u c t u a t i o n s  i n  reg ion  I11 opera t i on  which would 
be ob jec t i onab le  i n  a g r i d  t i e d  machine, b u t  a re  o f  l i t t l e  concern 
f o r  a r o t o r  d r i v i n g  a water  t w i s t e r .  
We es t imate  t h e r e f o r e  t h a t  t h e  blades w i l l  p i t c h  a t  a r a t e  o f  
90' per  f i f t e e n  seconds, o r  one R.P.M. f o r  a t o t a l  o f  40,000 hours. 
Th is  g ives  a t o t a l  o f  40,000 hours x 60 min/hour x 1 R.P.M. = 2.4 x 
6 10 rev01 u t i o n s  f o r  t h e  1 i f e  o f  t he  machine. 
Refer ing  t o  F igure  35 we see t h a t  t h e  outboard bear ing  (again 
t h e  most h e a v i l y  loaded), i s  subjected t o  t h e  f o l l o w i n g  r a d i a l  loads:  
1568 I b ,  t h e  t h r u s t ;  5028, the  t h r u s t  bending couple; and 2172 I b ,  
1 t h e  torque couple. Thus the  r a d i a l  l o a d  on the  bear ing  i s :  
6945 pounds 
The t h r u s t  loads on t h e  bear ing  a re  3857 I b ,  t he  c e n t r i f u g a l  
fo rce ,  p lus  82.5 1 bs, t h e  we ight  o f  t h e  blades, t h a t  i s  a t o t a l  o f  
3939.5 I b s .  
There are  numerous d i f f e r e n t  types and manufacturers o f  bearings. 
An exhaust ive search o f  a l l  t h e  poss ib le  choices i s  beyond t h e  scope 
o f  t h i s  paper. There i s  much room f o r  c o s t  reduc t ion  by choosing 
the  cheapest poss ib le  bearing. The cho ice  o f  bearing, however, w i l l  
be u n l i k e l y  t o  have much e f f e c t  on the  o v e r a l l  design o f  t h e  hub. 
Using t h e  hu r r i cane  load ing  c r i t e r i o n  we t e n t a t i v e l y  s e l e c t  a  
1  ink-be1 t/FMC # PE-B22432FA p i l l o w  b lock  assembly.' Th is  p i 1  low 
b lock  uses a  FMC # 622432 double row s h e r i c a l  r o l l e r  bearing. This 
bear ing  has bas ic  s t a t i c  l o a d  r a t i n g ,  Co, o f  19400 1  bs. Thus t h e  
bear ing i s  adequate t o  w i ths tand  t h e  assumed hur r icane load ing  o f  
18321 I bs. 
I n  o rde r  t o  check t h e  adequacy o f  t h e  bear ing  i n  normal oper- 
a t i o n ,  we must determine t h e  e q u i v a l e n t  r a d i a l  l o a d  o f  t h e  bearing, 
which i s  g iven by: 
P = XVFr + YFa 
Where : 
P = t h e  e q u i v a l e n t  r a d i a l  l o a d  i n  pounds 
X = a  r a d i a l  l o a d  f a c t o r  from t h e  bear ing  t a b l e s  
Fr = t h e  r a d i a l  1  oad i n  pounds 
Y = an a x i a l  l o a d  f a c t o r  from t h e  bear ing  t a b l e s  
Fa = the  a x i a l  l oad  i n  pounds 
V = r o t a t i o n  f a c t o r ,  i n  t h i s  case = 1  .O, because i t  i s  
the  i n n e r  r i n g  o f  t h e  bear ing  which w i l l  be r o t a t i n g  
1 
i 
Fa The cho ice  of X and Y depends on whether - i s  g r e a t e r  o r  l e s s  than 
Fr , j a  re ference value e  which f o r  t h i s  bear ing  i s  0.40. 
Thus we w i l l  use X2 and Y2  f rom t h e  bear ing  t a b l e :  
X2 = 0.67 
Thus t he  equivalent  radia l  load f o r  bearing l i f e  ca lcu la t ions  i s :  
The basic  dynamic capaci ty  of  the  bearing, C i s  19000 1 bs. 
From the  FMC cata log we have: 
Bearing l i f e ,  i n  mi l l ions  of revolut ions ,  = (C/L) 10/3 
o r :  
We determined ea r l  i e r  t h a t  we needed a bearing w i  t h  a 1 i f e  expectancy 
6 
of 2.4 x 10 revolut ions ,  so  t h i s  bearing i s  adequate f o r  normal 
operat ions ,  a s  we1 1 a s  f o r  hurricane 1 oads. The standard cal cul a t ions  
which have been performed a r e  based on an assumption t h a t  90% of 
t he  bearings wi l l  survive t he  required 1 i fe t ime a t  t he  assumed loading. 
I t  should be bourne i n  mind t h a t  the  loads used i n  bearing se lec t ion  
had a f a c t o r  of sa fe ty  of four  applied t o  them. Addit ionally,  the  
ca l cu l a t i o r~s  were based on t he  assumption t h a t  the  bearings would be 
loaded t o  t h i s  value a t  a l l  times during operation,  which i s  not the  
case. T h u s  i t  i s  s a f e  t o  assume t h a t  considerably l e s s  than one bear- 
ing i n  ten wi l l  have t o  be replaced. A windmill i n  an unusually windy 
area may have longer operation in  region 111, this may increase the  
need t o  replace bearings,  b u t  the  product ivi ty  of the  machine wi l l  a1 so  
be p r o p o r t i o n a l l y  h igher,  so t h e  expense o f  r e p l a c i n g  bear ings 
(which i nvo lves  removing t h e  b lade from t h e  hub), can e a s i l y  be 
amor t i  zed. 
Blade Retent ion  Pins 
The b lade r e t e n t i o n  p ins  must bear t h e  r a d i a l  loads app l i ed  t o  
t h e  bear ings i n  shear. Because t h e  hu r r i cane  r a d i a l  l o a d  i s  g r e a t e r  
than the  normal loads o n l y  the  hur r icane l o a d  w i l l  be considered i n  
t h i s  case. The diameter o f  t h e  p i n s  i s  2 i n ,  thus t h e i r  rad ius  i s  
one inch,  and t h e i r  cross sec t i ona l  area i s    IT o r  6.283 square inches. 
The l o a d  i s  bourne i n  double shear, so t h e  e f f e c t i v e  area which must 
bear an 18321 I b  l o a d  i s  12.566 inches squared. Thus t h e  shear 
s t r e s s  on t h e  b o l t s  i s  18321 + 212.566 p s i ,  o r  1458 p s i .  Th is  i s  
w e l l  w i t h i n  sa fe  design l i m i t s  f o r  s t e e l .  
Hub S t r u c t u r a l  Design 
The fo l l ow ing  i s  a f i r s t  c u t  a t  t h e  s t r u c t u r a l  design of t h e  hub. 
To analyse t h e  hub f o r  s t r e s s  concent ra t ions  i s  beyond the  scope of 
t h i s  thes i s .  The author  f e e l s  t h a t  t he  hub design i s  very probably 
adequate. The shape o f  t h e  hub, however i s  f a i r l y  complex, and a 
complete ana lys i s  o f  t h e  hub would be d i f f i c u l t .  The bes t  approach 
would probably i n v o l v e  t h e  use of a "canned" f i n i t e  element ana lys i s  
program such as CDC1s Stardyne o r  Nastran programs. These programs 
would g i v e  good i n d i c a t i o n s  o f  where d i f f i c u l t i e s  due t o  s t r e s s  con- 
c e n t r a t i o n s  o r  buck1 i n g  would occur. The Nastran program cou ld  a l s o  
prov ide  some i n d i c a t i o n  o f  t he  s t r u c t u r e ' s  response t o  dynamic loadings.  
The use o f  these programs i s  t ime consuming and c o s t l y .  I n  t h e  
c o n t e x t  o f  p repa r ing  f o r  p roduct ion ,  use o f  these programs would be 
o f  g r e a t  value. I n  t h e  c o n t e x t  o f  an academic exerc ise ,  however, 
l i t t l e  would be proved by us ing  these programs. 
We wi  11, however, per fo rm a more convent iona l  , if l e s s  thorough 
ana lys is ,  by means o f  t a k i n g  sec t i ons  a t  t h e  p o i n t s  shown i n  F igure  
36, and determin ing  t h e  maximum s t resses  a t  these sec t ions .  It i s  
p o s s i b l e  t h a t  a more d e t a i l e d  a n a l y s i s  would p o i n t  up t h e  need f o r  
s t i f f e n e r s ,  e i t h e r  t o  p reven t  buck l ing ,  o r  t o  r e l i e v e  s t r e s s  con- 
c e n t r a t i o n s  such as would be expected a t  t h e  p o i n t  o f  bear ing  
attachrnent t o  t h e  hub. We w i l l  n o t  concern ourse lves  w i t h  t h i s  
issue.  
F igu re  37 shows t h e  s e c t i o n s  of t h e  hub. Sec t i on  A-A wi 11 be 
analysed f o r  bending and shear s t r e s s  under normal and hu r r i cane  
loads. Table 4 shows t h e  c a l c u l a t i o n  o f  t h e  moments o f  i n e r t i a  f o r  
t h i s  sec t ion .  I n  t h i s  t a b l e ,  and those t h a t  f o l l o w ,  t h e  f o l l o w i n g  
te rmino logy  i s  used: 
element: i d e n t i f i e s  a p a r t  o f  t h e  s e c t i o n  as l a b e l e d  i n  t h e  
drawing 
Ae = area o f  t h a t  element 
- 
I 
0 = l e v e r  arm from c e n t e r  o f  area t o  Y re fe rence a x i s  
Y 
0 = l e v e r  a m  from cen te r  o f  area t o  X re fe rence a x i s  
Mxo = moment o f  area about X re fe rence a x i s  
0 
= moment o f  area about  Y re fe rence a x i s  
- 
c = l e v e r  a m  from cen te r  o f  area t o  n e u t r a l  X a x i s  o f  s e c t i o n  
FIGURE 3-6 
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FIGURE 37 
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Table 4 
SECTION PROPERTIES OF SECTION A-A 
Element Ae Xo Yo YO "xo Xc H Y, X ~ A ~  Y ~ I  I e x  I e Y  Ixce  I y c e  
i n .  in. 3 i n .  I n .  i n .  in. in. in. in .  in .  in. 
4 in. In. 
A = 6.938 in.  2 
I,, = 73.252 
Iyy = 2013.594 
- 
Yc = l e v e r  arm from center  of area t o  neu t ra l  Y ax i s  o f  
sect ion 
1 
'ex = moment o f  i n e r t i a  o f  element about i t s  own neut ra l  
! ax i s  para1 l e l  t o  the X ax is  
i 1 I ey = moment o f  i n e r t i a  o f  element about i t s  own neut ra l  i 
i 
I ax is  p a r a l l e l  t o  the  Y ax i s  
Ixce = moment o f  i n e r t i a  o f  element about x ax i s  of the  
sec t ion  
I y ce = moment o f  i n e r t i a  o f  element about Y ax is  of the  
sec t ion  
A = t o t a l  area o f  sec t ion  
I X X  = moment o f  i n e r t i a  o f  sect ion about X ax is  
IYY = moment o f  i n e r t i a  o f  sect ion about Y ax is  
We w i l l  f i r s t  check t h i s  sect ion aga inst  t he  hurr icane loading. 
This sect ion has t o  bear the  f u l l  bending moment o f  15642 1  bs, p lus  
the add i t i ona l  bending moment due t o  the  t h r u s t  o f  2679 I b s  ac t i ng  a t  
a  d istance o f  17 in, from Section A-A, a t  the ou te r  bearing. 
Thus the  t o t a l  bending moment a t  Section A-A i s :  
15642 ft.-1 bs. x  12 i vft. + 2679 x  17 in, o r  
Mb = 233247 i n ,  1  bs. 
We have: 
Mc o = -  
I 
Where : 
a = the  s t ress  i n  the extreme f i b e r  
M = t h e  bending moment, 233247 in r lbs .  
c  = t h e  d i s tance  t o  t h e  extreme f i b e r ,  10 - 2.731 = 
7.269 i n .  
I = t h e  moment o f  i n e r t i a  o f  t h e  sec t ion ,  i n  t h i s  case, 
4  about the  X a x i s :  Ixx = 73.252 in. 
Thus the  s t r e s s  i n  t h e  hub due t o  hur r icane bending i s :  
= (233247) x  (7.269) + 73.252 
= 23146 ps i .  
The area o f  t he  s e c t i o n  i s  6.938 sq. i n .  t h e  shear l o a d  on t h e  
sec t i on  i s  2679 l b s ,  so t h e  shear s t r e s s  i n  the  element i s :  386 p s i .  
Thus we can be reasonably sure t h a t  t h e  hub w i l l  s u r v i v e  t h e  hur r icane 
load ing  a t  t h i s  sec t ion .  
We w i l l  now cons ider  t h e  loads on the  s t r u c t u r e  i n  normal 
operat ions.  The t e n s i l e  l oad  on t h e  s e c t i o n  i s  t h e  weight  o f  the  
blades, p l u s  the  c e n t r i f u g a l  f o r c e  generated by the  blades, o r  w i t h  
the  s a f e t y  f a c t o r s  app l ied ,  82.5 + 2857 = 3939.5 l b s .  Thus t h e  
t e n s i l e  s t r e s s  on t h e  s e c t i o n  i s  3939.5 + 6.938 = 567.81 p s i .  
The shear l o a d  on t h e  s e c t i o n  i s  represented by the  t h r u s t ,  
which i s  1568 Ibs .  thus t h e  shear s t r e s s  i n  t h e  s e c t i o n  i s :  1568 + 
6.938 i n ,  o r  226 p s i .  
The s t r e s s  w i l l  be maximum a t  e i t h e r  p o i n t  A o r  p o i n t  B i n  
F igure 37. Po in t  A represents the  p o i n t  o f  g rea tes t  d is tance f rom 
the n e u t r a l  a x i s  f o r  compression. P o i n t  B represents the  p o i n t  o f  
g rea tes t  d is tance f rom t h e  n e u t r a l  a x i s  f o r  tension.  The s t r e s s  i n  
t h e  o t h e r  corners  w i l l  be l e s s  because t h e  tens ion  from t h r u s t  
bending and t h e  compression f rom torque bending, o r  v ice-versa,  w i  11 
cancel.  We must, however cons ider  bo th  cases: Although p o i n t  B i s  
c l o s e r  t o  t h e  n e u t r a l  a x i s  than p o i n t  A, and thus  w i l l  be loaded l e s s  
due t o  bending, t h e  c e n t r i f u g a l  and weight  s t r e s s  must be superposed 
on the  bending st resses,  which w i l l  increase t h e  s t r e s s  a t  p o i n t  B 
and decrease i t  a t  p o i n t  A. 
The bending moment due t o  to rque i s  26064 i n-1 bs. Th is  moment 
i s  a c t i n g  about t h e  X ax i s ,  so t h e  i n e r t i a  o f  t he  s e c t i o n  i s  73,252 
4  i n  . The d i s tance  from p o i n t  A  t o  t h e  n e u t r a l  a x i s  i s  10 - 2.731 i n ,  
o r  7.269 i n .  Thus t h e  bending s t r e s s  i s :  
(260640) x  (7.269) + 73.252 = 2586.4 psi, 
The bending moment a c t i n g  about the  Y a x i s  i s  t h a t  o f  t h r u s t ,  which 
4  i s  60336 inP lbs .  The i n e r t i a  about t h e  Y a x i s  i s  2013.59 i n  . The 
d is tance from t h e  n e u t r a l  a x i s  t o  p o i n t  A  i s  40 - 16.445 = 23.555 i n .  
Thus t h e  s t r e s s  due t o  t h r u s t  bending i s  (60336) x  (23.555) + (2013.59) 
= 705.811 p s i .  B y  superpos i t ion ,  t h e  t o t a l  s t r e s s  a t  p o i n t  A  i s :  
2586.4 + 705.8 - 567.81 = 2724 p s i  compression. 
Considering now p o i n t  B we have: A  to rque moment o f  26064 i n -  
4  Ibs. about t h e  n e u t r a l  X ax is ,  which has an i n e r t i a  o f  73.252 i n  . 
The mornent i s  60336 i n r l b s ,  and t h e  d is tance t o  the  neu t ra l  a x i s  i s  
16.445 i n .  The s t r e s s  a t  B due t o  t h r u s t  bending i s  60336 x  16.445 + 
2013.6 = 492.8 p s i .  By  superpos i t ion ,  again, t h e  s t r e s s  a t  B i s  
492.8 + 971.7 + 567.81 = 2032.3 p s i .  
Thus t h e  maximum s t r e s s  i s  2724 p s i  a t  p o i n t  A. We must i n c l u d e  
t he  shear s t ress  i n  t h i s  value. Machinery's Handbook provides a  
t a b l e  o f  f a c t o r s  f o r  t o t a l  s t r e s s  versus t h e  r a t i o  (shear s t ress ) /  
( tens ion  s t r e s s ) .  The shear s t r e s s  i s  226 p s i  .ll The compression 
s t r e s s  i s  2724 ps i .  The r a t i o  i s  22612724 = 0.08. From the  t a b l e  
we have a tens ion  f a c t o r  o f  1  .O1 f o r  a  r a t i o  o f  0.10. We can con- 
s e r v a t i v e l y  say t h a t  the  t o t a l  s t r e s s  a t  p o i n t  A  i s  2751 p s i .  Sect ion 
A-A then i s  conserva t i ve l y  designed. 
We w i l l  n e x t  consider sec t ion  B-B o f  F igure 37. The c a l c u l a t i o n s  
f o r  the  sec t ion  p r o p e r t i e s  i s  performed i n  Table 5. This sec t ion  was 
chosen t o  t e s t  t h e  s t resses in t roduced by the  combination o f  t h e  
bending st resses and t h e  shear s t r e s s  created by the couple a c t i n g  
a t  the  bearings. 
F i r s t  we c a l c u l a t e  the  tens ion due t o  c e n t r i f u g a l  fo rces:  The 
area of the  s e c t i o n  i s  5.594 sq. i n .  The t e n s i l e  load, assuming t h a t  
t h e  e n t i r e t y  o f  t h i s  l o a d  i s  t ransmi t ted  t o  the  hub through the  o u t e r  
bearing, i s  3939.5 l b s .  Thus the  t e n s i l e  s t r e s s  i s  3939.5 : 5.594 = 
704 p s i .  
Next we c a l c u l a t e  the shear loads: Th is  i s  equal t o  the  vec to r  
sum of the  r a d i a l  loads a p p l i e d  t o  t h e  outboard bearing, t h a t  i s :  
6945 I bs. Thus t h e  shear s t r e s s  i s  6945 + 5.594 = 1242 p s i .  
5 
R We f i n d  again t h a t  the  maximum stresses w i l l  occur a t  e i t h e r  
p o i n t  A  o r  p o i n t  B. F i r s t  p o i n t  A: The l e v e r  arm from the  bear ing t o  
the  s e c t i o n  i s  8  i n .  Thus we have a  bending moment about the  X 
n e u t r a l  a x i s  o f  8  x 2172 = 17376 in r lbs .  We have a bending moment 
about the  Y a x i s  o f  8  x  6596 = 52768 i n - l b s .  The d is tance from the 
X neu t ra l  a x i s  t o  p o i n t  A  i s  10 - 2.269 = 7.731 i n .  I, = 54.554, so 
T a b l e  5  
SECTION PROPERTIES OF SECTION 8-8 
Element Ae Xo Yo M ~ O  Mxo Xc  Yc  xEA1 ' e x  I e Y I xce I Yce 
4  4  2  i n .  i n .  i n .  i n .  i n .  i n .  4  i n .  i n .  in! i n .  i n .  i n .  in.  
A = 5.594 i n .  2  
= 54.554 i n .  4  I xx 
Iyy = 549.524 i n .  4 
t h e  s t r e s s  due t o  bending i n  the  X d i r e c t i o n  i s :  17376 x  7.731 + 
54.554 = 2462 p s i .  The d i s tance  f rom t h e  Y a x i s  t o  A i s  12.5 in,, 
I = 549.524 in.4 The s t r e s s  due t o  bending about Y i s  then: 
YY 
52768 x  12.5 + 549.524 = 1200.312 p s i .  The t o t a l  s t r e s s  a t  p o i n t  A 
i s  then: 2462 + 1200 - 704 = 2958 p s i  i n  compression. 
Next t h e  s t r e s s  a t  B. For p o i n t  B t h e  d i s tance  t o  t h e  X n e u t r a l  
a x i s  i s  2.269 i n .  The remainder o f  t h e  values a r e  t h e  same as f o r  
p o i n t  A. Thus t h e  s t r e s s  due t o  Y bending i s  1200.312 p s i ,  i n  t h i s  
case i n  tension.  The s t r e s s  due t o  X bending i s  17376 x  2.269 + 
54.554 = 723 p s i .  The t e n s i l e  s t r e s s  i s  then 723 + 1200 + 704 = 
2627 ps i .  
The s t r e s s  i s  h ighest ,  then, a t  p o i n t  A. I n  t h i s  case, the  r a t i o  
between shear s t r e s s  and t e n s i l e  s t r e s s  i s  124212958 = 0.420. Machinery's 
Handbook g ives  a  tens ion  f a c t o r  o f  1  . I73  f o r  a  SIT r a t i o  of 0.45. Thus 
we conserva t i ve l y  es t imate  t h e  t o t a l  s t r e s s  a t  A t o  be 2958 x  1  . I 73  = 
3470 p s i .  
We must a l s o  cons ider  t h e  hur r icane load ing  on sec t i on  0-0. The 
shear l o a d  a t  t h i s  p o i n t  i s  t h e  r a d i a l  l o a d  on t h e  o u t e r  bearing, 
18321 Ibs .  Thus t h e  shear s t r e s s  i s  18321 + 5.594 = 3275.12 p s i .  The 
bending moment i s  t h e  bear ing  l o a d  t imes t h e  l e v e r  arm, 8  in, t h a t  i s  
8  x  18321 = 146568 i n r l  bs. Th is  bending i s  about t h e  X ax i s ,  Ixx - 
54.554, and t h e  d is tance t o  t h e  extreme f i b e r  i s  10 - 2.269 = 7.731 i n .  
Thus t h e  s t r e s s  due t o  bending i s  146568 x  7.731 + 54.554 = 20770 p s i .  
The r a t i o  SIT i s  then 3275120771 = 0.158. Machinery 's  Handbook 
g ives  a  tens ion  f a c t o r  o f  1.038 f o r  a  SIT r a t i o  o f  0.20. Thus we can 
conserva t i ve l y  es t imate  t h e  t o t a l  t e n s i l e  s t r e s s  t o  be 1.038 x  20771 = 
21 560 ps i .  This i s  we1 1  be1 ow the capac i t y  o f  s t e e l  , so sec t ion  B-B 
i s  adequately sized. 
We w i l l  a l s o  c a l c u l a t e  t h e  shear s t r e s s  a t  sec t ion  C-C. Th is  
sec t ion  i s  s u f f i c i e n t l y  c lose  t o  t h e  cen te r  o f  e f f o r t  o f  the  bear ing 
t h a t  we w i l l  i gno re  t h e  bending st resses.  We need o n l y  c a l c u l a t e  the  
area of t h i s  sect ion,  n o t  i t ' s  i n e r t i a .  The f langes are  10 i n .  wide, 
the  web i s  15.5 i n .  long, and a l l  a re  from 1/8 i n .  s t e e l .  The area o f  
the  sec t ion  i s  then (15.5 + 2  x 10) + 8  = 4.438 sq. i n .  The shear 
l o a d  i n  normal opera t ion  i s  again 6945 Ibs. ,  so t h e  shear s t r e s s  i s  
6545 + 4.438 = 1565 p s i .  The t e n s i  l e  1  oad i s  3939.5 1  bs. , thus the  
t e n s i l e  s t ress  i s  3939.5 + 4.438 = 888 p s i .  The r a t i o  T/S i s  then 
888/1565 = 0.567. Machinery's Handbook gives a  shear f a c t o r  o f  
1.044 f o r  a  T/S r a t i o  o f  0.60. Thus t h e  t o t a l  shear s t r e s s  o f  the  
s e c t i o n  i s  conserva t i ve l y  est imated t o  be 1.044 x 1565 = 1634 p s i .  For 
a  T/S r a t i o  we have a  tens ion  f a c t o r  of 2.38. We can conserva t i ve l y  
es t imate  the  t o t a l  t e n s i l e  s t r e s s  t o  be 888 x 2.38 = 2113 p s i .  Sect ion  
C-C appears t o  be adequate f o r  normal loads. 
We must a l s o  check sec t ion  C-C f o r  the  hur r icane loading.  I n  
t h i s  case we have t o  deal o n l y  w i t h  t h e  shear l oad  o f  18321 lbs .  The 
shear s t r e s s  i s  then 18321 + 4.438 = 4128 p s i .  Sect ion  C-C appears t o  
be adequate fo r  hur r icane 1  oads. 
While a1 1  the  load ings c a l c u l a t e d  a re  we1 1  below t h e  capac i ty  o f  
the  s t r u c t u r e ,  t h e  reader i s r e m i n d e d t h a t  quest ions o f  buck l i ng  and 
s t ress  concentrat ions have been ignored. Reducing t h e  s i z e  o f  t h e  hub 
would increase the  p r o b a b i l i t y  t h a t  f u r t h e r  ana lys i s  w i l l  show i n -  
adequacies i n  the  design. 
C H A P T E R  V 
PITCH CONTROL LINKAGES 
I n t r o d u c t i o n  
Th is  s e c t i o n  deals w i t h  the  mechanical aspects o f  t h e  p i t c h  
c o n t r o l  system. The p i t c h  c o n t r o l  1  inkages a r e  re1  a t i v e l y  simple, 
t h e r e  are, however, several  aspects o f  t h e  system which must be 
analysed. The f i r s t  i s  t h e  k inemat ics o f  t h e  systern. The second 
aspect  i s  an a n a l y s i s  of t h e  s t r u c t u r a l  aspects o f  t h e  system. 
Kinematic Ana lys is  
I n  order  t o  analyse the  s t r u c t u r a l  aspects o f  t h e  p i t c h  c o n t r o l  
systerr~ i t  i s  necessary t o  determine t h e  r e l a t i v e  p o s i t i o n s  of t h e  
var ious  pa r t s .  I n  a d d i t i o n ,  we have t e n t a t i v e l y  chosen a  l i n e a r  a c t -  
ua to r  t o  d r i v e r  the  l i n k a g e  which has a  t o t a l  t r a v e l  o f  12 i n .  It 
i s  necessary t o  design t h e  l inkages i n  such a  way t h a t  t h i s  12 i n .  
t r a v e l  w i l l  i n s u r e  a  f u l l  90' p i t c h  c a p a b i l i t y  i n  t h e  blades. 
The l i n k a g e  i s  shown i n  F igure  38. The s p i d e r  arm i s  mounted t o  
t h e  p i t c h  c o n t r o l  r o d  and i s  a1 lowed a  1  i n e a r  movement o f  12 i n .  
r e l a t i v e  t o  t h e  hub. I n  order  t o  a l l o w  p r e d i c t a b l e  mot ion o f  t he  
l i n k a g e  t h i s  s p i d e r  must be const ra ined a g a i n s t  freedom o f  r o t a t i o n .  
One means t o  do t h i s  would be t o  i n s t a l l  t h e  p i t c h  c o n t r o l  r o d  w i t h  
l i n e a r  bear ings which does n o t  p e r m i t  r o t a t i o n .  Th is  choice i s  poor 
f o r  severa l  reasons: The p i t c h  c o n t r o l  r o d  would have t o  be modif ied 
i n  o rde r  t o  prevent  r o t a t i o n .  The r o d  cou ld  s imply  be a  s h a f t  o f  c i r c u l a r  
s e c t i o n  i f  some o t h e r  means o f  c o n t r o l  i s  used. A d d i t i o n a l l y ,  t he  
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s t r u c t u r a l  requi rements o f  t h e  s h a f t  w i l l  be reduced i f  i t  does n o t  
have t o  bear t o r s i o n a l  loads which would be c rea ted  by such a  scheme. 
As an a l t e r n a t i v e  a  guide r a i l  cou ld  be mounted t o  t h e  hub i n  such a  
way t h a t  an arm o f  t h e  s p i d e r  would r i d e  a g a i n s t  it, p reven t i ng  r o t a t i o n  
o f  t h e  sp ider .  Th is  scheme a l s o  has shortcomings: The major  one 
be ing  t h a t  t h e  r a i l ,  and t h e  sur faces  t o  mate w i t h  i t  on t h e  s p i d e r  
would have t o  be c a r e f u l l y  machined and i n s t a l l e d .  It w i l l  be no ted 
t h a t  t h e  o v e r a l l  design was chosen t o  min imize t h e  amount o f  custom 
machining necessary on t h e  hub. Not o n l y  would making t h e  r a i l  e n t a i l  
machining, b u t  t h e  mounting p r o v i s i o n s  f o r  i t  would have t o  be accur-  
a t e l y  l o c a t e d  on t h e  hub. A d d i t i o n a l l y ,  t h e  r a i l  would probab ly  r e q u i r e  
some form o f  l u b r i c a t i o n ,  and a  system t o  c o n t a i n  t h e  l u b r i c a n t .  
The s i m p l e s t  apparent a1 t e r n a t i v e  i s  t o  p rov ide  t h e  c o r ~ t r o l  arm 
shown i n  F i g u r e 3 8 .  Th i s  i s  an o f f  t h e  s h e l f  p a r t ,  which i s  mounted 
t o  t h e  hub a t  o n l y  one p o i n t .  The o n l y  machining necessary f o r  t h i s  
p a r t  i s  t h e  d r i l l i n g  o f  one h o l e  i n  t h e  hub and one h o l e  i n  t h e  sp ide r .  
Th i s  p a r t  i n t roduces  a  comp l i ca t i on  i n  t h e  k inemat ic  a n a l y s i s  o f  t h e  
l inkages.  Al though t h e  s p i d e r  i s  cons t ra ined  a g a i n s t  f r e e  r o t a t i o n ,  i t  
does r o t a t e  as a  we1 1  d e f i n e d  f u n c t i o n  o f  l i n e a r  s p i d e r  p o s i t i o n ,  
which must be determined. 
We adopt a  frame o f  re fe rence w i t h  t h e  o r i g i n  l o c a t e d  a t  t h e  p i v o t  
p o i n t  o f  t h e  c o n t r o l  arm on t h e  hub. The X a x i s  i s  d i r e c t e d  towards 
t h e  p i t c h  c o n t r o l  rod. The Z a x i s  i s  p a r a l l e l  t o  t h e  a x i s  o f  t h e  p i t c h  
, c o n t r o l  rod. The Y a x i s  i s  pe rpend icu la r  t o  these. The r e l a t i o n s h i p  
; between t h i s  coo rd ina te  system and o t h e r s  used i n  t h e  a n a l y s i s  i s  shown 
i i n  F igu re  39 . 
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We know t h a t  the  leng th  of the con t ro l  arm, Lca i s  f ixed. Thus 
we know t h a t  the sp ide r  end of the con t ro l  arm w i l l  be loca ted  a t  a  
p o i n t  (X,Y ,Z) such t h a t :  
We a l so  know t h a t  the leng th  o f  the sp ide r  Ls i s  f i xed .  Add i t i ona l l y ,  
the center  of the  sp ide r  i s  a  f i x e d  distance, Lr, from the Z axis. 
Thus we can say t h a t  the l o c a t i o n  o f  the end o f  the con t ro l  rod  w i l l  
a l so  s a t i s f y  the equation: 
2 We so lve t h i s  equation fo r  XS i n  terms o f  YS:  
We s u b s t i t u t e  t h i s  i n t o  the f i r s t  equat ion t o  get :  
We rearrange and simp1 i f y  t o  ge t  Ys i n  terms of Zs: 
We f u r t h e r  s i m p l i f y  the  second equat ion t o  get :  
Thus we have Ys  i n  terms o f  Zs, the independent va r i ab l e  and 
constants. We a lso  have Xs i n  terms o f  Ys  and constants. 
We w i l l  now determine the l o c a t i o n  o f  the end o f  the blade 
t i 1  l e r  as a f unc t i on  o f  B, , the t i p  p i t c h  o f  the machine. We 
f i r s t  express t h i s  l o c a t i o n  i n  terms o f  a new coordinate system, 
(see Figure 39). The Y ax i s  o f  t h i s  system i s  co inc iden t  w i t h  the 
p i t c h  ax i s  o f  the  blade. The X and Z axes are coplanar w i t h  the 
plane o f  r o t a t i o n  o f  the  p i t c h  ti 1 l e r .  The X ax is  i s  perpendicular  
t o  the plane o f  the  web o f  the hub which supports the blade i n  
question. The t i l l e r  arm i s  at tached t o  the blade i n  such a way 
t h a t  6, = 45' when the ti 1 l e r  i s  a1 igned w i t h  the X ax is .  
Thus i t  i s  easy t o  see t h a t  the l o c a t i o n  of the end of the 
t i l l e r  arm i n  t h i s  coordinate system (Xt,Yt,Zt) i s  g iven by: 
t = Lt COS ( B ~  - 45O) 
Y t  = 0 
Zt = Lt S I N  (B, - 45') 
Where Lt = the leng th  o f  the t i l l e r  arm. Unfor tunate ly  t h i s  co- 
o rd ina te  system i s  r a t h e r  useless t o  us. 
We wish t o  t ransform the l o c a t i o n  o f  the t i l l e r  i n t o  the 
coordinate system X ' , Y ' , Z t ,  i n  which Z '  i s  co inc iden t  w i t h  the  
ax i s  o f  the p i t c h  con t ro l  rod and Y '  l i e s  i n  the  plane o f  the web 
which holds the blade i n  question. We w i  11 u l t i m a t e l y  a1 so t rans-  
form the l o c a t i o n  o f  the  end o f  the  sp ider  arm i n t o  t h i s  coordinate 
system also.  
We have: 
Where: 
a2 (1 - coso) + coso 
ba (1 - coso) + c s ino 
ca (1 - coso) - b s ino  
ab(1 - coso) - c sino, ac(1 - coso) + b s in0  1 
2 .  b (1 - coso) + coso, bc(1 - coso) - a s ino 
2 cb(1 - coso) + a sino, c (1 - coso) + coso 1 
> > > 
Where a,b and c are  given by the vector  a i  + b j  + ck which i s  a 
vector  p a r a l l e l  t o  the ax i s  about which the  coordinate system i s  
rotated,  the r o t a t i o n  being determined by the r i g h t  hand r u l e .  12 
Thus a = -1, b = c = 0. o i s  the angle o f  r o t a t i o n  o f  the co- 
o rd ina te  axis,  i n  t h i s  case, lo0 ,  the coning angle o f  the machine. 
We know t h a t  cos 10' = 0.98481 and s i n  10' = 0.17365. Thus we can 
simp1 i fy t h e  above t rans fo rmat ion  m a t r i x  t o :  
We can now l o c a t e  t h e  end o f  t he  t i l l e r  arm i n  a  use fu l  
coord inate  system X1,Y',Z'. The coordinates o f  t h i s  p o i n t  w i l l  be 
X;,Y;,Z;, such t h a t :  
I o r :  
( L ~  COS (6, - 45') - xo 
- yo 
-Zo + Lt s i n  ( B  - 450) 0 
Thus : 
X; = Lt COS (BO - 45') - Xo 
Y; = - 0.98481 Yo - 0.17365 (Lt s i n  ( B ~  - 45') - Zo) 
Z i  = + 0.17365 Yo - 0.98481 (Lt s i n  (6, - 45') - Z,) 
I n  order t o  do anything w i t h  t h i s ,  we must a lso  have the 
l oca t i on  o f  the sp ider  arm i n  the same coordinate system. I n  the 
case o f  t h i s  t ransformat ion,  a  = b = 0, and c  = -1, we a lso  f i n d  
t h a t  o = 60'. Because we have already used Xo,Yo and Zo i n  the 
l a s t  coordinate t ransformat ion,  we w i l l  de f ine the l o c a t i o n  o f  the 
new coordinate system i n  the sp ider  a m  coordinate system as 
X0,YQ'ZV 
Thus, i n  the case of t h i s  t ransformat ion we have: 
cos 0 -c s i n  o 0 [:i ii I:] = [ s i n  0  0 cos o 0 0 1  - cos 0 + cos 0 1 
Since o = 60°, cos 0 = 0.500, s i n  0 = 0.86603, so: 
Thus we have 
Subs t i t u t i ng  back the equations o f  the sp ider  arm motion i n  the 
con t ro l  arm frame o f  reference, we get :  
which we w i l l  leave i n  i t ' s  present form, s ince we consider Zs t o  
be the independent var iab le .  For X; we get  the  fo l low ing :  
For Y;, we ge t  the fo l low ing :  Lr 
Now we a lso  know t h a t  the length  o f  the t i l l e r  l i n k ,  Ltl i s  
f ixed,  thus we can get  the f o l l ow ing  equations which re l a tes  
2  2  2 112 
= [ ( x i  - X;) + (Y; - Y;) + (z; - z;) 1 Ltl 
We can now describe the motions o f  the t i l l e r  a m  i n  terms of 
the motion o f  the p i t c h  con t ro l  rod. Up u n t i l  t h i s  po in t ,  i t  has 
been convenient t o  leave the lengths o f  a l l  the l inkages as var iab les .  
A t  t h i s  p o i n t  i t  w i l l  be s impler i f  we de f ine  these var ious lengths, 
and subs t i t u t e  t h e i r  numerical values i n t o  the equations. 
We f i r s t  l oca te  the con t ro l  arm p i v o t  po in t .  We wish t h i s  t o  be 
as f a r  from the  con t ro l  arm as possib le.  This puts the p o i n t  19 i n .  
ou t  from the ax is  o f  r o ta t i on ,  11.4 i n .  up from the  base of the hub. 
Thus Z = -11.4 in. ,  4 4 = 19 in. ,  and X = 0, s ince the new o r i g i n  4 
i s  i n  the Y-Z plane. 
We must now loca te  the o r i g i n  of the  new coordinate system i n  
the  blade coordinate system. The o r i g i n  o f  the blade coordinate 
system i s  on the p i t c h  ax i s  o f  the blade, i n  the place o f  r o t a t i o n  
o f  the  t i l l e r  arm end. The ax i s  o f  r o t a t i o n  o f  the blades i s  2 114 i n .  
_ _- 
above the  surface o f  the  hub web, s ince t h i s  i s  a dimension inherent  
i n  the  bearings. It w i l l  be convenient t o  have the t i l l e r  arm 
s l i g h t l y  inboard o f  the  inboard bearing, say 2 i n .  ou t  from the ax is  
of r o ta t i on .  To a l low f o r  bearing mounting, the p i t c h  ax i s  must be 
f i v e  inches from the base plane o f  the  hub. Refering t o  Figure 40 
we see t h a t  t he  new o r i g i n  i s  (!j2 + 22)1/2 = 5.39 i n .  from the blade 
o r i g i n  i n  the. Y-Z plane. The angle o f  t h i s  vector  t o  the  Z '  ax is  
i s  TAN-' (E) = 21.8'. Thus the  angle between the blade Z ax i s  and 
the l i n e  between the o r i g i n s  i s  31.8'. Thus L1 i s  5.39 SIN 31.8 i n .  = 
2.84 i n .  L2 i s  5.39 COS 31.8 i n .  = 4.58 i n .  
We can now say t h a t  X = -2.25 i n . ,  Y = -2.84 in . ,  and 
Z = -4.58 i n .  
I n  order  t o  est imate the  requ i red leng th  f o r  the  t i l l e r  arm, 
we know t h a t  the  t r a v e l  o f  the t i l l e r  1 i n k  w i l l  be approximately 
12 in. ,  f o r  the  sake o f  safe ty ,  we w i l l  assume 10 i n .  We need an 
angular motion f o r  the  ti 1 l e r  arm o f  90'. This can be obtained if 
the leng th  o f  the t i l l e r  arm i s  equal t o  the s ide o f  a r i g h t  isosc les  
t r i ange  whose base i s  the  leng th  of t r a v e l .  Thus the  leng th  of the 
t i l l e r  arm should be: 10 COS 45' = 7.07 i n .  We want the t i l l e r  arm 
as long as possib le,  bu t  we w i l l  round t h i s  t o  7 i n .  s ince 0.07 i n .  
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i s  i n s i g n i f i c a n t .  
We can now choose a  l e n g t h  f o r  t h e  s p i d e r  arm. The l e n g t h  o f  
t h e  t i l l e r  i s  7  in.,  t h e  a x i s  o f  r o t a t i o n  i s  2.25 i n .  f rom t h e  Y 'Z '  
plane. I t ' s  d i s tance  f rom t h e  X'Z' p lane i s  2  i n .  Thus we choose a  
2  1/2 l e n g t h  o f  [ ( 7  + 2 . 2 5 1 ~  + 2  ] o r  = 9.46 in.,  l e t  us say 9.5 i n .  
f o r  t h e  sp ide r  arm, s ince  we wish  t h e  t i l l e r  l i n k  t o  be as n e a r l y  
v e r t i c a l  as poss ib le  t o  make a  l i n k a g e  which i s  n o t  more skewed t o  
t h e  d i r e c t i o n  o f  t h e  motions than i t  has t o  be. 
We must now es t imate  t h e  l e n g t h  o f  t h e  c o n t r o l  arm. Th is  i s  a  
problem o f  s o l v i n g  f o r  t h e  t h i r d  s i d e  o f  a  t r i a n g l e  o f  which we know 
two s ides  and t h e  i nc luded  angle. The angle between t h e  sp ide r  arm 
and t h e  X I  a x i s  i s  s in - '  2/9.5 = 12.15'. The angle between t h e  X '  
a x i s  and t h e  l i n e  t o  t h e  f a r  end o f  t h e  c o n t r o l  arm i s  120 - 90 = 
30'. Thus t h e  i nc luded  angle i s  42.15'. The l e n g t h  o f  t h e  sp ide r  
arm i s  9.5 i n .  The l e n g t h  between t h e  c o n t r o l  arm and t h e  Z  a x i s  
i s  19 i n .  We have t h e  formula: 
= (s: + S: - 2  sl s2 cos 42.15) 1  /2 a  
o r :  
= (9.52 + 1g2 - 2  x  9.5 x  19 cos 42.15) 1  /2  
= 2-.57 in . ,  l e t  us say 20.5 i n .  
We can now back s u b s t i t u t e  t h e  l eng ths  which we have determined 
i n t o  t h e  var ious  equat ions t o  s i m p l i f y  t h e  problem. We get :  
Z; = Zs + 11.4 i n .  
We can a l s o  s i m p l i f y  t h e  equa t ions  f o r  t h e  p o s i t i o n  of t i l l e r  
arm end. 
X i  = 7 i n .  (cos (6, - 45') + 2.25 
Y; = - 0.98481 (-2.84) + 0.17365 (+7 i n .  sin (3, - 45') 
Z; = 0.17365 (-2.84) + 0.98481 (+7 in .  sin ( . B ~  - 45') 
+ 4 . 5 8 )  
Because o f  t h e  complexi ty o f  t h e  e q u a t i o n s  f o r  t h e  s p i d e r  arm, 
we w i l l  now t a b u l a t e  some numeric va lues  f o r  t h i s  p o i n t  under va r ious  
p i t c h  s h a f t  p o s i t i o n s .  The s h a f t  is  assumed t o  move 6 i n .  e i t h e r  s i d e  
of Zs = 0. We wish t o  be a b l e  t o  p l o t  a curve  t o  t h e s e  p o i n t s ,  s o  
we w i l l  t a b u l a t e  t h e  values o f  X;,Y;,Z; f o r  every 1/2 i n .  increment 
o f  Zs from -6 in. t o  +6 i n .  These values, d e r i v e d  f rom t h e  above 
equat ions a re  shown i n  Table 6, and F igure  41. 
We can now a t tempt  t o  descr ibe  t h e  p i t c h  o f  t h e  blades i n  
terms o f  ZS. I n  o rde r  t o  do t h i s  we must ass ign  a l e n g t h  t o  t h e  
t i l l e r  l i n k  i n  o r d e r  t o  app ly  t h e  pythagorean theorem: 
We w i l l  use t h e  numeric values f o r  X;,Y; ,Z; c a l c u l a t e d  i n  Table 6, and 
we a l s o  t a b u l a t e  X i ,  YiZ; vs 8,. For 8, f rom 0 t o  90 by 5' i n -  
crements. These values a re  t a b u l a t e d  i n  Table 7 and graphed i n  
F igure  42. 
We w i l l  now es t imate  t h e  l e n g t h  o f  t h e  t i l l e r  l i n k .  We wish  
t h e  blades t o  be a t  45' p i t c h  when Zs = 0. Thus we have X; = 5.46, 
Y; = 7.82, Z; = 11.40, X i  = 9.25, Y; = 3.59 and Z; = 4.02. We a l s o  
know : 
2 2 
= / (x; - X i )  + (Y; - Y;) + (z; - Z i )  2 Ltl 
We w i  11 now use a t r i a l  and e r r o r  system t o  determine Z; as a 
f u n c t i o n  o f  8, us ing  t h e  r e l a t i o n s h i p :  
We f i n d  t h a t  Ltl = 9.31 does n o t  a l l o w  us t o  p i t c h  t o  go0, so we 
2 




T a b l e  6 
TABULATION OF X i  Y; AND Z; VS. Zs 
(EVERYTHING I N  INCHES)  
FIGURE Y1 
Table 7 
X i ,  Y i  AND Zi VS. Bo 

2 2 (Y; - Y;) + (Z; - Z;) . We summarize t h e  s o l u t i o n  o f  Bo as a  
f u n c t i o n  o f  Z; i n  Table 8. We p l o t  8, vs. Z; i n  F igure  41 . The 
guesses f o r  t h e  t r i a l  and e r r o r  system were based on e x t r a p o l a t i o n  
from the  8, curve, and i n t e r p o l a t i o n  o f  X i  and Y; from t h i s  f igure .  
P i t c h  .Linkage : S t r u c t u r a l  Ana lys is  
The p i t c h  l i n k a g e  must now be analysed t o  determine what fo rces  
w i l l  be i n t roduced  i n t o  the  l i n k a g e  f o r  a  g iven p i t c h i n g  moment i n  
the  blade. We know t h a t  t h e  moment a t  t h e  b lade a x i s  due t o  t h e  
t i l l e r  arm i s  g iven by the  cross product  o f  t h e  vec to r  o f  t he  t i l l e r  
arm and t h e  vec to r  o f  t h e  f o r c e  a p p l i e d  t o  i t  by t h e  t i l l e r  l i n k .  
Since t h e  t i l l e r  l i n k  i s  pinned a t  bo th  ends, we know t h a t  t h e  f o r c e  
i n  t h i s  l i n k  w i l l  be a x i a l  t o  t h e  l i n k .  We w i l l  assume a  u n i t  l oad  
i n  t h e  t i l l e r  l i n k .  We w i l l  be ab le  t o  determine the  r a t i o  between 
t h i s  u n i t  l o a d  and t h e  r e s u l t i n g  moment i n  t h e  blade. The inve rse  
o f  t h i s  r a t i o  w i l l  be a  convenient  means o f  de termin ing  t h e  l o a d  
app l i ed  t o  the  t i l l e r  1  i n k  as a  r e s u l t  o f  a  g iven p i t c h i n g  moment i n  
t h e  b l  ade. 
I n  o rde r  t o  do t h i s ,  t he  f o l l o w i n g  must be determined f o r  any 
g iven blade p i t c h :  1 )  We must know t h e  o r i e n t a t i o n  o f  t he  t i l l e r  l i n k .  
2) We must know t h e  o r i e n t a t i o n  o f  t he  t i l l e r  arm and 3) We must 
know what component o f  t he  moment i n  the  t i l l e r  arm i s  n o t  absorbed 
by t h e  b lade mounting bearings, b u t  i s  used t o  p i t c h  the  blades. 
The o r i e n t a t i o n  o f  t h e  t i l l e r  arm i s  e a s i l y  found by t a k i n g  the 
vec to r  d i f f e r e n c e  o f  t he  p o s i t i o n  of t h e  end o f  t h e  t i 1  l e r  and the 
p o i n t  where the  t i l l e r  arm's a x i s  i n t e r s e c t s  the  a x i s  o f  the  blade. 
Table 8 
SUMMARY OF Z; VS. B, 
This  p o i n t  i s  t h e  l o c a t i o n  o f  t h e  o r i g i n  o f  t h e  b lade coord inate  system 
i n  the  transformed coord inate  system used i n  t h e  k inemat ic  ana lys i s ,  
t h a t  i s  XAb = 2.25, Y A b  = 2.00 and ZAb = 5.00. 
The o r i e n t a t i o n  o f  t h e  t i l l e r  l i n k  i s  e a s i l y  found by t a k i n g  
t h e  vec to r  d i f fe rence o f  t h e  l o c a t i o n  o f  i t s  ends, t h a t  i s  X; - X i ,  
Y; - Y;, Z; - Z;. I n  o rde r  t o  end up w i t h  a  u n i t  load,  we must 
d i v i d e  t h i s  vec to r  by t h e  s c a l a r  l e n g t h  o f  t h e  t i l l e r  l i n k .  We 
know t h e  l e n g t h  o f  t he  t i l l e r  l i n k  i s  9.00 i n .  
The component of t he  moment which a c t s  t o  p i t c h  t h e  blades w i l l  
be t h e  d o t  p roduct  of t he  t o t a l  moment i n  t h e  t i l l e r  arm and a  u n i t  
vec to r  a l i g n e d  w i t h  t h e  p i t c h  a x i s  o f  t h e  blade. Refer ing  back t o  
> 
F igure  39, we see t h a t  t h i s  u n i t  vec to r  w i l l  be: O i  + (COS l o O ) j  + 
> > > > 
(SIN l o O ) k ,  o r  O i  + 0.9848i j + 0.17365 k. 
These v a r i a b l e s  a re  tabu la ted  i n  Table 9  as a  f u n c t i o n  o f  p i t c h .  
We a l s o  t a b u l a t e  t h e  bending moment i n  t h e  t i l l e r  arm and the  force 
i n  the  t i l l e r  l i n k  due t o  a  u n i t  p i t c h i n g  moment i n  t h e  blade. 
I n  o rde r  t o  determine the  loads a p p l i e d  t o  t h e  sp ide r  arms and 
the  p i t c h  c o n t r o l  shaf t  we must determine t h e  loads which w i l l  be 
bourne by t h e  c o n t r o l  arm i n  r e s i s t i n g  t h e  tendency o f  t h e  sp ide r  arm 
t o  r o t a t e  about t h e  Z' ax i s .  We determine t h i s  by c a l c u l a t i n g  t h e  
moment on t h e  sp ide r  assembly produced by a  u n i t  l o a d  i n  the  c o n t r o l  
arm. From t h i s  i n f o r m a t i o n  we can determine t h e  l o a d  i n  the  c o n t r o l  
arm due t o  a  u n i t  to rque i n  t h e  sp ide r  assembly about t h e  Z' ax i s .  
We w i l l  a l s o  determine the  moments i n  the  sp ide r  assembly about the  
X '  and Y '  axes caused by t h e  c o n t r o l  arm bear ing  a  u n i t  to rque load  
and t h e  force i n  t h e  Z  d i r e c t i o n  caused by t h e  c o n t r o l  arm. 
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The u n i t  l oad  i n  t h e  c o n t r o l  arm i s  found by t a k i n g  t h e  vec to r  
d i f f e r e n c e  between t h e  end p o s i t i o n s  o f  t h e  c o n t r o l  arm and d i v i d i n g  
by t h e  s c a l a r  l e n g t h  o f  t h e  c o n t r o l  arm. The l e v e r  arm of t h e  sp ide r  
i s  found by t a k i n g  t h e  vec to r  d i f f e r e n c e  between the  a x i s  o f  t h e  
s p i d e r  arm and i t s  end. The moment produced by a  u n i t  l o a d  i n  t h e  
c o n t r o l  arm i s  found by t a k i n g  the  cross product  o f  t h e  above 
vectors.  The l o a d  due t o  a  u n i t  to rque i s  found by t a k i n g  the  i nve rse  
of t h e  Z' component o f  t h e  above load.  The Z' f o r c e  on t h e  sp ide r  
due t o  t h e  c o n t r o l  arm i s  found by m u l t i p l y i n g  t h e  Z' component o f  
t h e  u n i t  l o a d  i n  t h e  c o n t r o l  arm by t h e  t o t a l  l o a d  due t o  a  u n i t  
torque. These c a l c u l a t i o n s  a re  c a r r i e d  o u t  f o r  var ious  p i t ches  i n  
Table 10. 
We w i l l  now determine t h e  loads i n  t h e  sp ide r  arms due t o  a  u n i t  
p i t c h i n g  moment i n  t h e  blade. The loads a p p l i e d  t o  t h e  sp ide r  arm by 
a  b lade a re  the  X ' , Y 1  and Z' components o f  t h e  u n i t  l o a d  i n  t h e  t i l l e r  
l i n k  m u l t i p l i e d  by -1 X t h e  t o t a l  l o a d  f o r  a  u n i t  p i t c h  torque.  The 
bending moments a p p l i e d  t o  t h e  sp ide r  arm i s  t h e  cross product  o f  
these loads and the  vec to r  l e n g t h  o f  t he  s p i d e r  arm. The bendings 
a b u t  t h e  X '  and Y '  axes w i  11 cancel f o r  t he  t h r e e  blades. The c o r ~ t r o l  
arm, however, w i l l  have t o  counterac t  t h e  moments about t h e  Z' ax i s ,  
which w i l l  generate moments about t h e  X '  and Y '  axes which w i l l  have 
t o  be bourne through t h e  p i t c h  c o n t r o l  s h a f t  t o  t h e  bear ings suppor t ing  
i t  on t h e  hub a r ~ d  i n  t h e  wfndshaft .  We must a l s o  bear t h e  r e s u l t a n t s  
t o  t h e  c o n t r o l  arm fo rces  t o  these bearings. The X i  and Y '  f o rces  o f  
t he  th ree  arms w i l l  cancel,  t he  w indshaf t  must bear t h e  sum o f  the  Z' 
fo rces  f o r  each t i l l e r  l i n k  and t h e  Z '  f o r c e  generated by t h e  c o n t r o l  
sg A -  > -CI m m w m m m m C I 0 - w - 0 0 -  
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arm. These ca l cu la t i ons  are c a r r i e d  ou t  i n  Table 11. 
We f i n d  t h a t  the forces introduced i n t o  the  p i t c h  cont ro l  sha f t  
are probably too great  t o  be bourne by a  sha f t  which was intended t o  
be pure ly  i n  tension. For t h i s  reason we choose t o  use three con t ro l  
arms, one f o r  each blade. The ca lcu la t ions  f o r  the forces i n  each 
o f  these con t ro l  arms i s  c a r r i e d  ou t  i n  Table 12. The forces- in  the 
con t ro l  arms now balance one another, as the l i n k  forces do. Thus 
the bending i n  the con t ro l  sha f t  due t o  moments caused by the l inkage 
i s  t h e o r e t i c a l l y  zero. The bearings which support the con t ro l  sha f t  
thus have on ly  t o  support the weight o f  the  con t ro l  sha f t  and spider, 
and approximately h a l f  the weight o f  the t i l l e r  l i n k s  and cont ro l  
arms. This value i s  assumed t o  be t r i v i a l  compared t o  the capaci ty 
of any bearing we choose t o  support the con t ro l  shaf t .  
Est imat ion o f  P i t ch ing  Loads 
The loads which must be bourne by each o f  the  p i t c h  l inkage 
par ts  i s  summarized i n  Table 13. We have l e f t  a l l  these values i n  
terms o f  a  u n i t  p i t c h  torque because there i s  great  uncer ta in ty  as 
t o  what the p i t c h i n g  moments a c t u a l l y  are  i n  a  windmi l l .  The 
p i t c h i n g  moment depends t o  a  great  ex ten t  on the de f l ec t i on  o f  the 
blades i n  the downwind d i r e c t i o n  t o  create a  l e v e r  arm about which 
the torque force on the blade can create a  moment. This de f l ec t i on  
depends no t  on ly  on the s t i f fness o f  the blades bu t  a lso on t h e i r  
mass, s ince cen t r i f uga l  r e l i e f  tends t o  reduce blade de f l ec t i on  i n  
the d i r e c t i o n  o f  the wind. A t  some f u t u r e  time, when more i s  known 
about the blades, t h i s  ana lys is  can be used t o  prov ide an accurate 
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est imate on the loads i n  the p i t c h  l inkage. 
We must make some k ind  o f  rough estimate, a t  present, however, 
i n  order t o  make a t e n t a t i v e  choice f o r  the  s i ze  o f  var ious parts.  
There are some clues which we can use t o  est imate the p i t c h i n g  
moment based on the performance o f  the WF-1 p i t c h  con t ro l  system. 
The p i t c h  con t ro l  motor f o r  WF-1 draws no more than 5 amperes 
a t  24 vo l t s .  Under these condi t ions i t  p i tches the WF-1 blades a t  
a  r a t e  o f  90' i n  15 seconds. We know t h a t  watts = v o l t s  x amps, so 
the motor i s  (neg lect ing i n e f f i c i e n c i e s  throughout, f o r  the sake o f  
conservatism ) 5  x 24 = 120 watts,  o r  120 x 0.73756 f t - 1  b/sec. = 
88.5 f t - l b /sec .  The p i t c h  r a t e  i s  90°/15 sec.= 60 rpm. 
Where: 
F  = fo rce  i n  pounds 
P = power i n  f o o t  pounds 
R = rad ius t o  app l i ca t i on  o f  force,  i n  f e e t  
n  = number o f  revo lu t ions  per minute 13 
We rearrange t h i s  t o  the form: 
(We know FR = Q, torque) 
thus 
Q = 88*5 = 14.086 f t l b s . f o r  a l l  three blades 6  0  
Q, per blade, wind furnace one = 4.695 f t r l b s . =  56.344 inch-  
pounds. We w i l l  assume t h a t  the  p i t c h i n g  torque w i l l  s ca le  as t h e  
cube o f  t h e  diameter,  so 
3 9 Q, pe r  blade, 35 ft. d i a .  machine, = - (56.344) 
32. 53 
= 70 inch-pounds 
Our ana lys i s  o f  t h e  loads, so f a r ,  has been q u i t e  conservat ive:  
We based our  ana lys i s  on t h e  e l e c t r i c a l  power going i n t o  the  WF-1 
p i t c h  c o n t r o l  system. The e l e c t r i c a l  and mechanical i n e f f i c i e n c i e s  
o f  t h e  WF-1 c o n t r o l  system were ignored. It seems wise, however, 
t o  i n t roduce  a  f u r t h e r  f a c t o r  o f  sa fe ty  of two, t o  account f o r  un- 
c e r t a n t i e s  i n  t h e  v a l i d i t y  o f  t h e  s c a l i n g  f a c t o r  between t h e  two 
machines: Thus we assume t h a t  t h e  p i t c h i n g  moment i n  the  blades i s  
140 inch-pounds. The u n i t  loads, from t h e  previous ana lys i s  a re  
tabu la ted  i n  Table 14. The maxinium value o f  each o f  these i s  taken 
and m u l t i p l i e d  by 140 inch-pounds t o  g e t  the  maximum loads i n  each o f  
t h e  p i t c h  1  i r ~ k a g e  components, and i s  tabu la ted  i n  Table 14. 
Se lec t i on  o f  P i t c h  Contro l  Par ts  
We can now s e l e c t  t h e  p a r t s  f o r  the  p i t c h  c o n t r o l  1  inkages. The 
t i l l e r  arm i s  p a r t  o f  t h e  blade, i t s  design i s  dependent on t h e  design 
of t he  r e s t  o f  t h e  blade, f o r  t h i s  reason we do n o t  a t tempt  t o  s i z e  it. 
It seems very u n l i k e l y ,  however, t h a t  any m a t e r i a l  chosen f o r  blade 
c o n s t r u c t i o n  would have d i f f i c u l t y  bear ing  a  bending l o a d  o f  295 inch-  
I b s .  
The t i 1  l e r  1  i n k  must bear an a x i a l  l o a d  o f  52 1  bs. We p lan  t o  
use F a f n i r  a i r c r a f t  rods ends f o r  t h e  bear ings a t  t h e  ends o f  a l l  t h e  
Table 14 
SUMMARY OF MAXIMUM LOADS 
IN PITCH LINKAGE PARTS 
MAXIMUM DESIGN LOAD IN 
PART LOAD PITCH UNIT LOAD SAFETY FACTOR 
T i l l e r  Arm Bending a t  Axis 2.104 295 in. lbs. 
T i l l e r  L ink  Ax ia l  -0.366 52 lbs .  
Spider Arm Bending a t  Windshaft Axis 3.217 451 i n .  lbs.  
Control Arm Ax ia l  0.262 37 lbs .  
P i t c h  Control Shaf t  Ax ia l  1.014 142 lbs .  
a x i a l  l i n k s .  The sma l les t  o f  these has a  capac i t y  o f  1000 Ibs . ,  so 
t h e  choice o f  t h e  r o d  end depends on t h e  necessary s i z e  o f  t h e  rod. 14 
The t i l l e r  l i n k  i s  expected t o  a c t  i n  compression, so i t  must 
be designed p r i m a r i l y  aga ins t  buck l ing .  
Al lowable s t r e s s  = 18000 
1  + 1  
18000 r2 
where: L i s  t h e  l e n g t h  o f  t h e  s t r u t ,  and r i s  i t s  rad ius  o f  gy ra t i on .  15 
The l e n g t h  of t he  l i n k  i s  8.5 inches, l e t  us t r y  a  112 i n .  d i a .  rod: 
u a l l .  = 18000/[1 + (8.52/18000 x  .1 252)] 
= 14321 p s i .  
n The area o f  t he  r o d  i s  7 d2 = . I96 i n .  2  
The load i s  52 Ibs . ,  so the  s t r e s s  i s  52 + ,196 = 265 p s i .  The 112 
inch  r o d  i s  more than adequate, l e t  us t r y  a  318 inch  rod:  
u a l l .  = 18000/[(1 + 8 . 5 2 / 1 8 ~ ~ 0  x  r2 ) ]  
= 12356 p s i .  
The area o f  t h e  r o d  i s  0.110 in2 ,  so the  s t r e s s  i s  52 + . I10  = 
470 p s i .  The 318 i n c h  rod  i s  a1 so more than adequate, according t o  
these c a l c u l a t i o n s .  The d i f f e r e n c e  i n  c o s t  and weight  between a  
318 i n c h  and a  114 i n c h  r o d  i s  so s l i g h t  t h a t  we w i l l  use a  318 i n c h  
rod. While a 114 i n c h  r o d  would probably be s u f f i c i e n t ,  i t  seems 
unwise t o  use one, i f  o n l y  f o r  the  reason t h a t  i t  cou ld  e a s i l y  be 
bent  i n  maintenance. We can f i t  F a f n i r  rod  ends MS 21153 -1 and 
MS 21153 -5, which have oppos i te  threads so as t o  make i t  poss ib le  
t o  e a s i l y  a d j u s t  the  l e n g t h  o f  t h e  sha f t .  
We w i l l  use the  same formulas t o  s e l e c t  the  c o n t r o l  arms: 
The l e n g t h  o f  t h e  c o n t r o l  arm i s  20.5 i n .  It must bear an a x i a l  
l o a d  o f  37 l b s .  We w i l l  t ry  a  318 i n .  rod, i f  t h i s  i s  adequate we 
w i l l  use i t  f o r  the  same reasons we chose 3/8 i n .  f o r  the  t i l l e r  
1  ink ,  as we1 1  as t o  reduce p a r t s  i nven to ry  by making the  r o d  ends 
i nterchangabl e. We have 
Thus 
u a l l .  = 18000/[(1 + (20.5~/18000 x  r 2 ) ]  
= 4922 p s i .  
This area i s  0.100 in.', so the  s t r e s s  i s  336 ps i .  The 318 i n .  r o d  
i s  adequate. 
We w i l l  now design the  p i t c h  c o n t r o l  sha f t .  The p i t c h  c o n t r o l  
shaf t  must bear a  l o a d  o f  142 Ibs .  We a n t i c i p a t e  t h a t  t h i s  l oad  w i l l  
u s u a l l y  be tension,  b u t  f o r  t h e  sake o f  conservatism, we w i l l  a t -  
tempt t o  f i t  a s h a f t  which w i l l  bear t h i s  l oad  i n  compression. 
Jim Sexton's work i n d i c a t e s  t h a t  t h e  windshaf t  w i l l  be 72 i n .  long 
w i t h  an i n s i d e  diameter o f  2.375 i n .  We wish t h e  p i t c h  c o n t r o l  
s h a f t  t o  be o f  a  smal ler  diameter so t h a t  bronze guide bushings can 
be f i t t e d  t o  center the p i t c h  con t ro l  sha f t  i n  the windshaft.  We w i l l  
t r y  a  one i nch  shaf t .  The sha f t  w i l l  be supported a t  both ends o f  
the windshaft,  so we w i l l  ignore the lengths o f  the sha f t  p ro j ec t i ng  
from e i t h e r  end o f  the windshaft.  Thus we have: 
._-- 
r = d l 4  = .250 i n .  
u a l l .  = 18000/[1 + (722/1800~ x  .2502)] 
= 3210 ps i .  
d2 The area o f  the sha f t  i s  n 7 = .785 in.', so the actual  s t ress i s  
1421.785 = 181 ps i .  This w i l l  g i ve  us a  conservat ive ly  designed 
s h a f t  i n  which we need no t  be concerned w i t h  allowances f o r  reduct ions 
i n  s h a f t  diameter t o  accomodate mounting and the l i k e .  
We w i l l  now analyse the p i t c h  spider.  We know t h a t  the greatest  
load ing on the sp ider  w i l l  be a  a  sect ion near the p i t c h  con t ro l  
shaf t .  The 1 oad w i  11 be 451 i n-1 bs. I f  the sp ider  arm has a  one 
inch  square sect ion,  i t s  moment of i n e r t i a  w i l l  be 1/12 = 8.33 x  
lo - '  i n . 4  the distance from the neu t ra l  ax is  t o  the extreme f i b e r  
w i l l  be 112 i n .  The s t ress w i l l  be 
It should be noted t h a t  the con t ro l  arm and the t i l l e r  l i n k  are no t  
t r u l y  co inc ident  i n  t h e i r  attachment t o  the sp ider  arm. The as- 
su~i ipt ion t h a t  they were s i m p l i f i e d  the ana lys is  o f  the  kinematics 
of the 1  inkage motion. While the kinematics and loadings o f  the 
ac tua l  p i t c h  l i n k a g e  w i  11 be s l i g h t l y  d i f f e r e n t  f rom those ca lcu la ted ,  
t h e  e f f e c t  o f  t h e  design w i l l  be neg l igab le ,  s ince  the  a v a i l a b l e  
t r a v e l  o f  t h e  p i t c h  c o n t r o l  s h a f t  and t h e  s t r u c t u r a l  capac i t y  o f  t h e  
l i n k a g e  p a r t s  have been ve ry  conserva t i ve l y  chosen. 
The o n l y  p a r t s  o f  t h e  p i t c h  c o n t r o l  l i nkages  which remain t o  be 
descr ibed a re  t h e  l i n e a r  a c t u a t o r  and t h e  bear ing  which connects t h e  
a c t u a t o r  t o  the  r o t a t i n g  p i t c h  c o n t r o l  shaf t .  
The 1 i n e a r  a c t u a t o r  i s  a  Saginaw S tee r ing  Gear Diyi.sion of General 
Motors #5704273. It i s  a  12 v o l t  C u n i t ,  a  1500 Ib ,  r a t i n g  and a  
s t r o k e  of 12 inches. The p a r t  i s  shown i n  F igu re  43.16 The s e l e c t i o n  
of t h e  bear ing  t o  connect t h i s  u n i t  t o  t h e  p i t c h  c o n t r o l  shaf t  i s  
n o t  made s ince  i t  i s  ve ry  probable t h a t  t h e  a c t u a t o r  cou ld  be modi f ied 
by Saginaw t o  i n c l u d e  t h e  necessary bearing, The mounting f o r  t h e  
a c t u a t o r  i s  shown i n  F igu re  44. 


C H A P T E R  V I  
PITCH CONTROL ELECTRONICS 
P i t c h  Control Hardware 
The p i t c h  con t ro l  e l ec t ron i cs  f o r  t h i s  machine w i l l  be based 
on the microprocessor p i t c h  c o n t r o l l e r  designed f o r  WF-1 by 
Dan  andm man.'^ There w i l l  be th ree  major d i f fe rences between the 
WF-1 c o n t r o l l e r  and the c o n t r o l l e r  f o r  the water t w i s t e r  machine. 
The f i r s t  d i f fe rence  i s  i n  the l oca t i on  o f  the c o n t r o l l e r .  
The c o n t r o l l e r  w i l l  be mounted i n  the mainframe. The WF-1 c o n t r o l l e r  
was mounted on the ground i n  order  t o  a l low the serv ice and rnodif- 
i c a t i o n s  necessary i n  an experimental machine. I n  the context  o f  
a  product ion machine there are two advantages i n  p u t t i n g  the con- 
t r o l l e r  i n  the mainframe. The most important  i s  the e l im ina t i on  o f  
the need f o r  most o f  the s l i p  r i ngs  which are necessary i n  a  down- 
tower con t ro l l ed  machine t o  t ransmi t  con t ro l  and feedback s igna ls  
between the  c o n t r o l l e r  and the windmi l l .  The second advantage i s  i n  
the e l im ina t i on  o f  the need t o  i n s t a l l  a c o n t r o l l e r  i n  the customer's 
basement. This change w i l l  reduce the w i r i n g  cos t  o f  i n s t a l l i n g  the 
machine and make a  more s e l f  contained u n i t ,  which w i l l  increase the 
p r o b a b i l i t y  o f  popular acceptance o f  a  wind based heat ing system. 
The second d i f fe rence  i s  i n  the supply of power t o  the c o n t r o l l e r .  
Un l ike  the WF-1 c o n t r o l l e r ,  which i s  suppl ied w i t h  power from the 
ground, the  water t w i s t e r  machine w i l l  have an automotive type 
e l e c t r i c a l  system, cons is t ing  o f  an a l t e rna to r ,  regu la to r  and bat tery .  
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The a l t e r n a t o r  w i l l  be dr iven by a  V-bel t  power take o f f  from the 
main transmission. This system w i l l  e l im ina te  the  need f o r  e l e c t r i c  
serv ice from the ground. There are two advantages t o  t h i s :  F i r s t ,  
one more s e t  o f  s l i p  r i ngs  i s  e l iminated.  Second, the system w i l l  
be usable i n  the event t h a t  e l e c t r i c i t y  i s  unava i lab le  a t  the s i t e  
which the machine i s  t o  heat. While most homes have e l e c t r i c i t y  
ava i lab le  t o  them t h i s  c a p a b i l i t y  w i l l  g i ve  the machine a  d i s t i n c t  
advantage i n  places where e l e c t r i c i t y  i s  unavai lable,  s ince wood 
heat, which requ i res  considerable a t t e n t i o n  on the p a r t  o f  the user, 
i s  the on l y  form o f  heat ing which does n o t  requ i re  e l e c t r i c i t y  f o r  
con t ro l .  I n  the event t h a t  the machine i s  used i n  such a  s i t ua t i on ,  
e l e c t r i c a l  s l i p  r i ngs  w i l l ,  o f  course,be necessary t o  supply power 
t o  c i r c u l a t i o n  pumps on the ground w i t h  the power from the windmil 1s 
i n t e r n a l  e l e c t r i c a l  system. 
The t h i r d  d i f fe rence  i s  i n  the nature of the  feedback sensors 
which provide in format ion t o  the c o n t r o l l e r  t o  con t ro l  the machine. 
The wind furnace uses an analog p i t c h  feedback potentiometer t o  
i nd i ca te  blade p i t c h  and anemometers t o  i nd i ca te  windspeed. These 
components have been sources o f  maintenance d i f f i c u l t y  t o  WF-1. 
They are j u s t i f i e d  i n  t h a t  they a l low f o r  experimentat ion w i t h  the 
con t ro l  schedule o f  the machine. 
The water t w i s t e r  machine can be simp1 i f i e d ,  s ince the des i re  t o  
experinlent i s  l ack i ng  i n  a  product ion machine. The on ly  windspeed 
which we need know i s  the cutout  speed. The con t ro l  schedule depends 
on ly  on whether the windspeed i s  greater  than o r  less  than cutout  
windspeed. Thus the expensive and unrel  i a b l  e  anemometer can be 
rep laced w i t h  a  s imple f l a t  p l a t e  mounted t o  a  s p r i n g  loaded sw i t ch  
s e t  i n  the  wind stream o u t s i d e  t h e  nace l l e .  The area o f  t h e  p l a t e  
w i l l  be se lec ted  t o  t r i p  t h e  s w i t c h  when t h e  windspeed exceeds 
50 mph. A l o c k  p r o v i s i o n  i s  f i t t e d  t o  t h e  sw i t ch  i n  o rde r  t o  a l l o w  
i t  t o  be locked i n t o  t h e  h igh  wind p o s i t i o n  t o  shut  t h e  machine down 
f o r  maintenance. 
We a l s o  do n o t  need t o  know t h e  p i t c h  a t  every p o s i t i o n .  We 
need o n l y  know when t h e  machine i s  f u l l y  feathered,  when i t  i s  a t  
f u l l  power p i t c h ,  and when i t  i s  a t  40' p i t c h  f o r  s t a r t u p .  Thus the  
p i t c h  c o n t r o l  feedback potent iometer  i s  rep laced by t h r e e  micro-  
switches which are  t r i p p e d  by t h e  p o s i t i o n  o f  t h e  end o f  t h e  l i n e a r  
ac tua to r .  
There i s  s t i l l  a  need f o r  a t  l e a s t  t h r e e  s l i p  r i n g s  f o r  p i t c h  
c o n t r o l .  There must be a  c o n t r o l  s i g n a l  up t o  t h e  machine from t h e  
ground t o  i n d i c a t e  when t o  shu t  t h e  machine down due t o  h igh  temp- 
e r a t u r e  i n  t h e  storage system. There must a l s o  be power supp l i ed  
t o  t h e  ground from t h e  e l e c t r i c a l  system t o  c o n t r o l  t h e  pumps and 
thermostats assoc ia ted w i t h  t h e  storage and heat  d i s t r i b u t i o n  system. 
The power and c o n t r o l  s i g n a l  can share a  common ground, s ince t h e  
c o n t r o l  s igna l  w i  11 be d i g i t a l  , and i n s e r ~ s i  ti ve t o  i n t e r f e r e n c e  caused 
by t h e  power supply. The p i t c h  c o n t r o l  system i s  i l l u s t r a t e d  
schematical l y  i n  F igure  45 . 
P i t c h  Contro l  Software 
A d e t a i l e d  program f o r  t h e  c o n t r o l  o f  t h e  machine i s  beyond t h e  
scope o f  t h i s  paper. It i s  appropr ia te ,  however, t o  develop a  bas ic  
FIGURE 45 
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f low c h a r t  o f  t he  c o n t r o l  program t o  demonstrate t h e  w o r k a b i l i t y  o f  
microprocessor c o n t r o l  . 
We w i l l  f i r s t  summarize the  c o n t r o l  i n p u t s  t o  t h e  machine. 
We have t h e  f o l l o w i n g  d i g i t a l  s igna ls :  
1  ) W i  ndspeed above c u t o u t  w i  ndspeed. 
2 )  Machine's ou tpu t  n o t  needed ( i .e . :  t h e  storage system i s  
over  heated) 
3 )  Machine f u l l y  feathered. 
4)  Machine a t  p i t c h  i e s s  than s t a r t u p  p i t c h  (40') 
5 )  Machine a t  f u l l  power p i t c h .  
6 )  Generator charging o r  n o t  charging. 
These s igna ls  can be f e d  i n t o  a  s i n g l e  8 b i t  p a r a l l e l  i n p u t  p o r t  t o  
the  processor. We w i l l  use a  second p a r a l l e l  i n p u t  p o r t  t o  accept the  
ou tpu t  o f  an a/d conver to r  which w i l l  take t h e  tachometer s igna l  and 
prov ide t h e  processor w i t h  i n d i c a t i o n  o f  machine speed. 
We w i l l  now descr ibe  i n  words t h e  p i t c h  c o n t r o l  a lgo r i t hm f o r  
t h e  machine. The f i r s t  p r i o r i t y  i s  t h a t  i f  t h e  windspeed i s  above 
c u t o u t  windspeed, o r  i f  t h e  machine's ou tpu t  i s  n o t  needed, o r  i f  
t h e  generator  i s  n o t  charging b u t  t h e  tachometer i n d i c a t e s  t h e  
machine i s  running, o r  i f  t h e  generator  i s  charging b u t  the  tach- 
ometer i s  i n d i c s t i n g  t h a t  t h e  machine i s  stopped, then we wish t o  
increase p i t c h  u n t i l  t h e  machine fea the rs  f u l l y .  The l a s t  two 
cond i t i ons  g i ve  f a i  l s a f e  i n d i c a t i o n  o f  two c r i t i c a l  p a r t s  o f  t h e  
c o n t r o l  system. These cond i t i ons  i n d i c a t e  t h a t  e i t h e r  t h e  tachometer 
o r  t h e  generator  has f a i l e d .  I f  the  generator  f a i l s  and t h e  machine 
cont inues t o  run, t h e  b a t t e r y  w i l l  e v e n t u a l l y  d ra in ,  t h e  p i t c h  of t he  
machine w i l l  remain f i x e d  a t  t h e  p i t c h  t h e  blades were a t  when t h e  
b a t t e r y  ran  down. This would c r e a t e  t h e  p o s s i b i l i t y  t h a t  t h e  
machine cou ld  be destroyed by t h e  windspeed increas ing,  and i n -  
c reas ing r o t o r  speed beyond the  capac i t y  o f  t h e  t ransmission,  hub 
o r  blades. If t h e  generator  i n d i c a t e s  power being produced, b u t  
t h e  tachometer i n d i c a t e s  t h e  machine has stopped, then t h e  
-- 
tachometer i s  ma1 func t i on ing .  A tachometer ma1 f u n c t i o n  would cause 
t h e  blades t o  p i t c h  t o  40'. I f  t h e  windspeed was t o  r i s e  near, b u t  
below c u t o u t  windspeed, t h i s  40' p i t c h  might  p rov ide  enough power 
t o  s e r i o u s l y  overspeed t h e  machine. 
Were i t  n o t  f o r  t h e  d e s i r e  t o  have t h e  generator  and t h e  tach-  
ometer checking one another, t h e  o u t p u t  c u r r e n t  of t h e  generator  cou ld  
be cond i t ioned by a  s imple analog c i r c u i t  t o  i n d i c a t e  windshaft  
speed. Th is  scheme seems l i k e  a  f a l s e  economy, i n  view o f  t h e  c r i t i c a l  
na tu re  o f  t h e  a l t e r n a t o r  and t h e  tachometer. 
The second p r i o r i t y  i s  t h a t  i f  t h e  machine i s  running above 
r a t e d  speed, b u t  below cu tou t  windspeed, t h e  p i t c h  should be increased 
a t  a  r a t e  p r o p o r t i o n a l  t o  t h e  e r r o r  between ac tua l  speed and r a t e d  
speed. 
The t h i r d  p r i o r i t y  i s  t h a t  i f  t h e  machine i s  running above t h e  
c u t - i n  r o t o r  speed ( t h a t  speed a t  which we wish t o  s t a r t  t h e  t r a n s i t i o n  
from 40' t o  t h e  power p i t c h  s e t t i n g ) ,  b u t  below r a t e d  r o t o r  speed, 
and t h e  machine i s  n o t  p i t c h e d  t o  f u l l  power p o s i t i o n ,  we wish t o  
decrease p i t c h  a t  a  r a t e  p r o p o r t i o n a l  t o  t h e  e r r o r  between ra ted  speed 
and ac tua l  speed. 
The fou r th  p r i o r i t y  i s  t h a t  i f  t h e  machine has n o t  been shut  down 
f o r  any o f  t h e  above reasons, b u t  i s  n o t  t u r n i n g  above c u t - i n  s h a f t  
speed, we wish t o  increase p i t c h  i f  p i t c h  i s  l e s s  than 40°, o r  de- 
crease p i t c h  i f  p i t c h  i s  g r e a t e r  than 40'. 
A f l o w  c h a r t  based on t h i s  a l g o r i t h m  i s  shown i n  F igure  46. 
This f l o w  c h a r t  should n o t  be considered, by any means, t o  be t h e  
f i n a l  word i n  p i t c h  c o n t r o l .  It i s  p o s s i b l e  t h a t  t h e  aerodynamics 
spec ia l  i s t s  wi 11 decide t h a t  bang-bang (non-propor t iona l  ) c o n t r o l  
i s  des i red  i n  r e g i o n  I 1  and I11 opera t ion .  It i s  a l s o  q u i t e  poss ib le  
t h a t  t h e  e l e c t r o n i c s  s p e c i a l i s t s  w i l l  f i n d  a  s imp le r  way o f  impl iment- 
i n g  t h e  a l g o r i t h m  i n  t h e  2650 microprocessor, o r  even t h a t  a  d i f -  
f e r e n t  microprocessor w i l l  become a v a i l a b l e  i n  t h e  fast-changing 
d i g i t a l  e l e c t r o n i c s  f i e l d  which w i l l  be most s u i t a b l e ,  f o r  reasons o f  
c o s t  o r  i n t e r f a c e  s i m p l i c i t y ,  than t h e  2650. 
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C H A P T E R  V I I  
CONCLUSIONS 
The ob jec t i ve  o f  t h i s  paper was t o  increase the compet i t i ve  p o s i t i o n  
o f  windpower as an energy source by showing ways t o  s i m p l i f y  and 
reduce the costs o f  a  major subsystem o f  a  w indmi l l ,  the  hub and 
p i t c h  con t ro l  assembl i es .  While the work was d i r ec ted  towards a  
s p e c i f i c  machine, the author f e e l s  t h a t  a t  l e a s t  some aspects o f  
the design w i l l  be s u i t a b l e  t o  machines of a  d i f f e r e n t  nature. It 
i s  hoped t h a t  t h i s  work and the  work o f  o thers  i n  the f i e l d  w i l l  
increase the a v a i l a b i l i t y  o f  windpower as a  s i g n i f i c a n t  component of 
the na t iona l  energy p i c t u r e  a t  a  t ime when the general pub l i c  i s  
f i n a l l y  beginning t o  understand the shortcomings o f  some o f  the  more 
conventional a1 te rna t i ves .  
The author has n o t  accomplished a l l  t h a t  he o r i g i n a l l y  s e t  ou t  
to .  Fur ther  ana lys is  of t h i s  system, p a r t i c u l a r l y  i n  terms of 
accurate es t ima t ion  o f  loads, both on the hub and p i t c h  l inkages,  
and i n  terms of the cons iderat ion o f  s t ress  concentrat ions i n  the 
hub i s  necessary. The e f f e c t s  o f  v i b ra t i ons  and wind gusts have n o t  
been considered. It i s  s i nce re l y  f e l  t, however, t h a t  add i t i ona l  work 
i n  these areas w i l l  merely prove t h a t  the cos t  o f  the hub has been 
unnecessari ly increased due t o  use o f  generous sa fe ty  f ac to r s .  
Even as t h i s  paper was being w r i t t e n  the re  has been a  no t i cab le  
increase i n  pub l i c  consciousness of the shortcomings o f  our cu r ren t  
energy product ion and consumption pat terns.  The American people are  
aware t h a t  the value of the  do1 l a r ,  which more than anything else,  
represents America abroad, i s  being eroded by the wasteful and 
unnecessary consumption of foreign o i l .  
The people and the government are also becoming aware of the 
dangers of nuclear power. A t  the time this paper was written con- 
struction of the Seabrook nuclear plant has been stopped by the 
NRC t o  allow the EPA t o  reconsider the effects of this typical 
nuclear plant on the environment. Interestingly, construction was 
no t  stopped because of the risk of reactor failure causing leakage 
of radiation, or because of the question o f  spent fuel storage. 
These issues have been matters which the nuclear establishment has 
been fairly effective in fighting. Seabrook was stopped on the 
question of thermal pollution. This i s  perhaps the most important 
shortcoming of nuclear power. I t  i s  a shortcoming which, unlike 
the question of reactor failure, or waste storage can n o t  be hidden 
by rhetoric or solved by better engineering. The laws of thermo- 
dynamics make i t  impossible t o  refute the fact that a nuclear plant, 
fission or fusion, will p u t  large quantities of heat into the en- 
vironment which would no t  otherwise be generated. While a windmi 11 
will concentrate heat in the area of i t s  operation, i t  will n o t  
generate any new heat. If the energy were n o t  taken from the wind 
by a windmill, i t  would eventually return t o  the form of heat through 
natural turbulence or shear. Thus windpower will not  have any 
effect on the global heat balance. 
I t  i s  no t  important that construction has been resumed a t  
Seabrook: too  much money has been invested t o  expect the establish- 
ment t o  admit that the plant was a bad idea, and abandon i t .  What 
i s  important i s  t h a t  the  stoppage of construction of a plant i n  
progress, even i f  only f o r  a shor t  time, bodes i l l  f o r  the  planning 
of future  nuclear plants .  
I t  appears t h a t  the  American people a r e  almost ready t o  pay 
the  pr ice  f o r  s o l a r  power, including wind power, f o r  the  sake of 
the  environment a t  a time when wind power i s  almost ready t o  compete 
w i t h  conventional energy sources on purely economic grounds. 
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